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THE INTRUSIVE MECHANICS OF A 
CLASTIC DIKE 


MATT S. WALTON, JR. ayn ROBERT B. O'SULLIVAN 


ABSTRACT. The fleld relations and petrology of a clastic dike cutting 
up into a dolerite sill from an underlying conglomerate are described. 
The probable conditions of temperature and pressure are derived from 
mineralogical and geological relations, and the dike is shown to have been 
emplaced while the sill was hot. The intrusive mechanism is deduced to 
be the expansion of water or water vapor in the pore space of the con- 
glomerate in response to a local drop in pressure resulting from the 
opening of a fracture in the dolerite. The mechanism is shown to have 
general application to many clastic dikes commonly ascribed to plastic 
flowage, Possible applications of this mechanism are suggested to explain 
other injections of solid material such as early crystalline differentiates 
with intrusive relations into later rocks of a differentiated sequence, 
lamprophyre dikes, and certain peridotite intrusions. 


FIELD RELATIONS 
ECENT quarrying operations in a thick dolerite sill 
forming the prominent ridge known as West Rock near 
New Haven, Conn., have exposed an unusually well developed 
clastic dike of sedimentary material cutting up into the 
dolerite. This paper describes the field relations and petrology 
of the dike, from which it is possible to deduce with consider- 
able certainty the mechanics of its injection. 

The dike is exposed in the Clark-Barone quarry on_ the 
west face of West Rock Ridge, directly cast of Konold’s Pond, 
3.75 miles northwest of New Haven. West Rock Ridge is the 
outcrop of a dolerite sill 300 to 400 feet thick at this locality. 
The sill is intrusive into arkosic sediments of the Triassic 
Newark group of Connecticut. The sill is about 1,000 feet 
above the base of the Triassic and is overlain by at least 
12,000 feet of sediments with some basaltic lava flows. The 
entire sequence dips eastward 15° to 20° at this point, and 
the sill crops out in a north-south direction for 16 miles. The 
locality of the clastic dike is 1.5 miles north of the southern- 
most extremity of the sill. The region as a whole has under- 
gone virtually no deformation other than high-angle faulting 
since the beginning of Triassic deposition. 
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The dolerite is a dark microphanerite of basaltic composi 
tion, aphanitic near the contacts, which are chilled. It is a 


tough, uniform, massive rock characterized by fairly close 


columnar, or palisade, jointing and irregular cross joints. 


The sill is underlain in the vicinity of the clastic dike by an 
arkosic conglomerate derived from the weathering of granites 
and metamorphic rocks which lie to the east of the Triassic 
basin in the New Haven area. The arkose has a pinkish hue 
due to numerous pink feldspar grains and contains abundant 
quartz pebbles up to 2 inches in cross section, the larger of 
which appear to be of vein origin. The sediments are fluviatile 
and most of the pebbles are well rounded. 

The contact of the dolerite with the underlying sediments is 
relatively uniform in general but uneven in detail. It conforms 
closely to the bedding in the arkose for distances of a few 
feet to several tens of feet, but breaks sharply across the 
bedding for a few inches to several feet in places. Sags and 
swells up to twenty feet in amplitude are also present, though 
not in the near vicinity of the dike. Figure 1 shows the con 
tact at the point where the clastic dike is found. 

The clastic dike is physically continuous with the arkosic 
conglomerate and is composed primarily of the same material 
as the conglomerate. It is similar in texture and appearance 
and clearly derived from the conglomerate. The dike cuts in a 
somewhat irregular manner but with sharp, clear contacts up 
ward into the dolerite (fig. 2). At the base of the sill the dik: 
strikes N. 35° E. and dips 80° E. Two feet above the base 
the dip flattens to 55° E. and then steepens upward; 10 to 15 
feet above the base the dip is nearly vertical. The irregular 
character of the dike may be seen in figures 1, 2, and 3, but th 
true attitude is obscured by the oblique angle at which the dik« 
intersects the surface of the exposure. 

At the base of the sill the dike is 3 to 4 inches wide; 2 feet 
above the base it is 3 inches wide. It tends to narrow upwards 
fairly regularly and at a height of 3O feet above the base it 
is only 0.10 inch wide. It passes beneath talus 35 feet above 
the base so that its entire length and the manner in which it 
terminates cannot be seen, but it is clearly pinching out where 
last visible. About 8 feet above the base the dike splits into 
divergent off-shoots, two of which reconverge to enc! 


an 
angular block of dolerite, as shown in figure 3. The dike is 
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about 1 inch wide at this point. The upper branch continues 
to the point where it disappears beneath the talus, the lower 
pinches out in a few feet. 

The dike is cut by the columnar jointing in the dolerite and 
is not controlled in the slightest degree by the columnar 
jointing. The relationship clearly indicates that the dike 
formed entirely prior to the inception of the columnar jointing 
and has no genetic or structural connection with it. When the 
columnar jointing took place it affected the dike and the 
dolerite alike. At one point the dike is offset 2 inches, but the 
plane of slippage along which the offset took place is closed 
and healed so that no visible fracture is evident. This feature 
and the relationship to the jointing indicate that the dike 
formed at a very early stage in the consolidation of the dolerite. 

The point at which the dike cuts into the base of the sill 
is located on a slight upward bulge in the base of the sill, and 
is about 6 feet from a sharp vertical offset of about 5 feet in 
the contact (fig. 1). This offset is not the result of faulting 
subsequent to the consolidation of the dolerite. Both the 
dolerite above and the arkose below are continuous with no 
discernible plane of movement. The offset occurred either 
during the intrusion of the magma or while the rock was still 
hot enough so that the zone of movement could be healed. The 
offset is quite sharp at the top, but close examination shows 
that it is a sharp curve rather than an angular break. As the 
photograph shows, the lower part of the offset is more gently 
curved. The clastic dike may be genetically connected to this 
feature. A similar, somewhat smaller offset is also exposed 
about 30 feet north of the dike. A few small tongues and 
dikelets of clastic material besides the one described here are 
present in the exposure, but they are only inches in length. 


PETROLOGY 

Megascopically the dike consists of detrital material de- 
rived from the underlying conglomerate. It consists of an 
aggregate ranging from pebbles to grains not discernible with 
the unaided eye. The maximum size of the pebbles diminishes 
as the width of the dike diminishes, but the pebbles tend to 
range in size up to the width of the dike at any given point. 
Thus at 26 inches above the base of the sill the dike is 3 inches 


wide and contains a rounded quartz pebble measuring 2.6 
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inches transverse to the trend of the dike and 2.4 inches in 
the plane of the dike (fig. 4). 

Three thin sections were examined, one from the underlying 
conglomerate, one from the dike at a distance of about 3 
feet above its base where the dike is about 3 inches wide 
and one from 27 feet above the base where the dike is only 
+.5 mm. wide. The thin section of the underlying conglomerate 
shows rounded to subangular quartz and feldspar grains with 
a small amount of interstitial coarse-grained secondary cal- 
cite, insignificant amounts of opaque minerals and heavy sili- 
cates, and traces of a secondary chlorite. The feldspar is very 
dusty with a low birefringent alteration product, probably 
kaolin, and a very little sericite. About half is orthoclase and 
microcline and half sodic plagioclase. The following propor- 


tions were found with the integrating stage: 
Volume Percent 
mm. in cross section or larger 


100 
The fine-grained material and the altered feldspar are a light, 
dusty, reddish brown in plane polarized light, probably due to 
thinly disseminated limonite. The rock has undergone a small 
amount of cementation by secondary quartz. Minute tongues 
and lobes of quartz project outward from the boundaries of 
quartz grains and partially enclose or replace adjacent feld 
spar grains. The secondary quartz is crystallographically con- 
tinuous with the grains on which it grows, which at first sight 
suggests that the quartz grains have been corroded and par- 
tially replaced, but, as will be shown below, the appearance 
is due to the accretion of secondary quartz on the original 

detrital grains. 

Three feet above the base of the sill the material in the 


dike consists of essentially the same minerals, but in the fol 


lowing proportions: 


1 mm. in cross section or larger Volume Percent 
33 


ind heavy silicate 


(Grrains less than 0.1 mm. in cross section 


Quartz 18 
Feldspar 16 
Calcite 9 
(Juart 
Feldspar 
Chlorite 10 . 
Calcite 9 
Opague grain 
100 
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The most striking differences are the increase in secondary 
chlorite and the gain in fine-grained material at the expense of 
quartz and, to a larger extent, feldspar. The feldspar is more 
strongly altered and sericite is more abundant, but clay is 
the predominant alteration product. Close examination of the 
fine-grained material shows that there is considerable second- 
ary interstitial quartz in irregular grains enclosing the original 
detrital minerals. Some relatively coarse pockets of calcite 
are present and associated with them are small quartz crystals 
showing sharp crystal faces, including prism faces. Hydro- 
thermal deposition of quartz is indicated, with low quartz the 
stable form. 

‘Twenty-seven feet vertically above the base of the sill the 
clastic dike is only 4.5 mm. wide. It consists of quartz sand 
grains up to 2.0 mm. in cross section, altered feldspar, small 
opaque grains, and abundant radiating clusters of chlorite. In- 
terstitial quartz in relatively large, irregular grains forms an 
indistinct matrix crowded with the original detrital grains and 
alteration products. 

The following table shows the mineral content without re- 
gard to grain size. The figures are not strictly comparable 


with the previous volumetric analyses. The percentage of 
quartz is probably too large, for dusty inclusions, too minute 
to count, are abundant. 


Volume Percent 
Quartz 43 
Chlorite 30 


Feldspar and alteration products 25 
Opaque 2 


100 
Estimated percentage of grains less than 0.1 mm. in cross 
section: 50%. Calcite is not present and sericite is more 
common in the altered feldspar. 

The quartz sand grains have an unusual aspect. A shell of 
secondary quartz, crystallographically continuous with the 
original detrital grain, has grown around each grain up to 
a thickness of 0.4 mm. At first sight it appears as though 
this shell were a reaction rim of alteration products partially 
replacing an outer zone of an originally larger quartz grain, 
because the shell of secondary quartz is crowded with fine- 
grained, dusty included material. However, the included ma- 
terial consists of grains of altered feldspar, limonite, and 
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other original detrital material. On the other hand, these 
outer shells of quartz have relatively less secondary chlorite 
than the rest of the rock. The secondary nature of the dusty 
shells around the quartz grains is further indicated by the fact 
that the inner boundary of the shell is perfectly sharp and 
smoothly rounded in the form characteristic of water-worn 
quartz sand, while the outer boundary of the shell is irregular 
and makes sutured contacts with other grains of secondary 
quartz. Fractures and zones of inclusions which are primary 
features in the quartz terminate at the inner boundary of the 
secondary shells. Where two original detrital grains are 
close enough so that their secondary shells come in contact, 
the contact is very finely sutured and intergrown. If the rims 
enclosing foreign material were the result of alteration or 
replacement of the margins of originally larger grains, the 
outer boundaries of the rims should preserve the original 
detrital form and the inner boundaries should be irregular and 
embayed. The reverse is true. 

In some cases the original quartz,sand grain is composed 
of more than one crystal of quartz. In these cases the optical 
orientation of the surrounding quartz shell is not uniform, 
but corresponds to the optical orientation of that part of 
the original grain on which it grew. This relationship is sug 
gestive of a replacement origin for the shells, but the other 
evidence is believed to preclude this possibility and to show 
that the crystallization of quartz on the nucleus supplied by 
the original grain was controlled by the orientation of the 


nucleus, even in the case of heterogeneous grains. 


Orthoclase feldspar and sodic plagioclase including pure 


albite were detected, but very few grains are large enough or 
fresh enough for determination. 

The chlorite in the section from the underlving conglom 
erate is in minute plates with rectangular habit, positive 
relief against quartz, and verv low birefringence. It ts 
distinect!y pleochroic with NX = pale greenish vellow to white 
and Y = Z light, clear green. It is more abundant and 
coarser in crystallization in the sections from within the dike, 
where it takes the form of fan-shaped aggregates and vermi 
cular clusters. Interference colors range from a slightly anoma 
lous bluish gray to a peculiar greenish-vellow. Elongation ts 
positive with respect to the perfect (001) cleavage. The min- 
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eral resembles negative penninite except for the rectangular 
habit of small crystals and the higher birefringence of some 
of the material. It is clearly a secondary mineral which grew 
at the expense of the finely divided groundmass of the sedi- 
mentary material, with the addition of magnesia. The varying 
birefringence and habit found in these sections suggests that 
varying proportions of iron and alumina are present, and if 
classified according to Winchell (1933, pp. 276-286) the 
mineral is chlorite varying from antigorite to penninite or 
possibly chamosite in composition. 

The section from 27 feet above the base contains an inclu- 
sion that was apparently derived from the enclosing dolerite. 
It consists of an indistinct aggregate of pyroxene relicts, now 
composed of antigorite, and lath-shaped relatively fresh plagio- 
clase. The outline of the inclusion is very indefinite. It appears 


to be merely a somewhat dispersed cluster of mineral grains 
derived from the dolerite. The indistinct form of the inclusion 
may be partly due to alteration, but it seems to be at least 
partly caused by mechanical disintegration during movement 
of the dike material. 
Megascopically the contact of the dike with the dolerite 


appears to be sharp, tightly welded, and not a zone of 
mechanical weakness. Microscopically it is well defined but 
not sharp or open and evidence of alteration can be detected 
in the dolerite for a distance of about 3 mm. from the contact. 
Some serpentinous alteration is present in the pyroxene of 
the dolerite throughout the rock, but within 3 mm. of the 
clastic dike it becomes noticeably more abundant. Within a 
millimeter or less of the dike much of the pyroxene is completely 
altered to antigorite. At the contact some of the plagioclase 
of th dolerite is slightly altered, chlorite is intergrown with 
the original dolerite minerals, and secondary quartz is inter- 
stitial to the mineral grains of the dolerite in contact with 
the dike. 

A small but appreciable proportion of the dike is made up 
of drusy cavities filled with secondary calcite and other 
minerals ranging in diameter from about + mm. to sub- 
microscopic. The calcite is leached out on weathered surfaces 
wiving the dike a slightly pitted aspect on close examination. 
A specimen from the dike was sawed in a plane perpendicular 
to the walls and the surface polished. It was then leached for 
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several hours in strong hydrochloric acid to remove carbonates 
and reveal the cavities on the fresh surface. An area of about 
50 sq. em. was traversed with a binocular microscope fitted 
with a micrometer grid ocular. About 3.5 percent of the area 
was found to be cavity space. This estimate may be low because 
of cavities below the resolving power of the microscope, but 
it is a minimum index of the volume of the rock made up of 
secondarily filled free space. 

Attached to the walls of the cavities and surrounded by 
calcite are several secondary minerals. Well-formed, prismatic 
quartz crystals terminated by the positive and negative rhom- 
bohedron, characteristic of low-quartz, are the most abundant 
and largest. There are also abundant radiating acicular clus- 
ters of well-formed epidote crystals. The mean index of refrac 
tion is 1.755 +, indicating it is about 30 percent ferrian in 
composition. An X-ray rotation photograph about the B axis 
gave an axial length of 5.65, in close agreement with published 
values. The outer portions of some of the larger quartz crystals 
were observed enclosing parts of radiating groups of epidote, 
indicating that the growth period of quartz extended beyond 
that of epidote. 

Smal! blue-green nodular clusters of chlorite and very minute, 
well-formed pyrite and garnet crystals are encrusted on the 
cavity walls. Their period of growth appears to be somewhat 
later than epidote and quartz. 

In addition to the other secondary minerals identified in the 
cavities, there were a few crystals of sphene growing attached 
to the walls and with the same paragenetic relations as the 
epidote. An X-ray powder photograph is identical with sphene 
in the Brush mineral collection of Yale University, specimen 
no. 5681, from Willimantic, Connecticut. The crystals are 


outwardly well-formed and pale yellowish to buff-white with 


a pinkish cast. Examination under the polarizing microscope 
and an X-ray rotation photograph show it to be complexly 
twinned however. The following forms appear to be present 
as designated in Goldschmidt (1897, pp. 344-345) and Dana 
(1892, pp. 712-713): (100), (201), (111), and possibly (001). 
Only the (111) faces were perfect enough to give definite, 
though multiple, reflections in the goniometer. The other 


faces were strongly etched and somewhat concave. The angle 


nn measured was 44 19 as compared with 43° 49° given in 
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Dana. The (111), (201) and (100) faces were almost equally 
developed, giving the crystal a flattened, pseudo-tetragonal, 
bi-pyramidal habit. Indices of refraction were greater than 
1.85, biaxial, with moderate 2V. 


METHOD OF ORIGIN 

The field relations and petrologic data supplied by this 
relatively minor feature throw light on the physical conditions 
prevailing at an early stage in the final consolidation of this 
large dolerite sill. Some of the conclusions may have a wider 
application. The following points are clear: 
1. The dike is intrusive into the sill. The branching, irreg- 
ular form of the dike precludes its being a thin, elongate inclu- 
sion in the dolerite which floated into its present position while 
remaining hinged to the underlying conglomerate with which 
it is continuous. The dike contains inclusions of dolerite. 
2. The material injected into the sill was largely in the solid 
state. In fact it was granular material without especially 
plastic properties. The occurrence proves beyond question that 
under the proper physical conditions loose aggregates of solid 


material can be injected in a manner entirely similar in final 
effect to fluid injection. 


3. The injection took place at a very early stage in the final 
solidification of the dolerite while the dolerite was still quite 
hot. This is shown by the fact that the dike is earlier than 
the columnar jointing in the dolerite; by the healing of a 
minor plane of slippage in the dolerite which offsets the dike 
2 inches; by the progressively more abundant crystallization 
of secondary quartz and the growth of secondary minerals 
such as epidote, sphene, chlorite, pyrite, garnet, and calcite in 
the dike passing inward from the base of the sill; by the tight 
“welded” contacts between the dike and the sill; by the hydro- 
lytic alteration of the pyroxene of the dolerite near the dike, 
and by the presence as inclusions in the dike of minerals from 
the dolerite. 

The geologic relations support the following additional 
conclusion: the potential required to produce the injection was 
not simply due to superincumbent load or differential mechan- 
ical stress. This is shown by the fact that dikes of this charac- 
ter are not found in later fractures in the dolerite, or indeed 
very commonly in other masses of similar nature which have 
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been subjected to much greater mechanical stress. The simple 
sill-like form of the intrusive and the general tectonic history 
of the area indicates that the stresses present were largely 
gravitational and hydrostatic. In other words, the fracturing 
of the dolerite under a heavy superincumbent load and such 
tectonic stresses as were present is not sufficient to explain 
the filling of the fracture with solid detrital material injected 
from the conglomerate bed below. If this were a_ sufficient 
explanation, dikes of this character should be quite common 
instead of relatively rare, and injection of this type should 
take place when the injected body is cold as well as hot. 

This leads to the conclusion that the only sufficient fore: 
available was either the vapor pressure of water trapped in 
water-bearing sediments beneath the sill and heated by the 
overlying intrusive, or artesian water pressure. However, the 
presence of mineralized cavities in the dike and the ab 
sence of similar dikes in later fractures indicates that the 
pressure of heated water is the more likely explanation. The 
dike is located ngar the crest of an upward bulge in the 
lower contact of the sill. The sediment involved is coarse, 
gritty, and conglomerate——a suitable aquifier. 

The intrusion is believed to have taken place in the follow- 
ng manner: A short time after the intrusion solidified to the 
point where it was capable of fracturing like a brittle solid in 
response to sudden stress, some movement, possibly related to 
the abrupt offset in the sill floor a few feet from the dike, 
caused a fracture in the sill. The resulting dilatation caused a 
local fall in pressure (Mead, 1925, p. 691). The response 
was a sudden, if not explosive, expansion of the water vapor or 
liquid water present in the adjacent conglomerate. This 
brought the solid material in the conglomerate into a momen 
tary state of suspension and it was swept into the fracture 
as a suspensoid in the inrushing water or water vapor. In 
other words, the opening fracture was in effect a void that 
“sucked” up the underlying material which possessed a high 
elastic potential by virtue of the compressed fluid in its pore 
space. 


The theory that the dike was injected as a plastic mass 


under external pressure or as an internally lubricated aggre- 
gate under external pressure is refuted: first, by the character 


of the material; secondly, by the jagged, angular character 
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of the fracture it fills; and thirdly, by the absence of flow tex- 
tures, mineral alignment, crushing, strain, granulation, and evi- 
dence of shear in the dike. Mead (1925, p. 688) has shown 
experimentally that, “Sand either wet or dry, under relatively 
slight containing pressures, behaves essentially as a solid and, 
when deformed, fails largely by fracture along shear planes.” 
He refers here to loose, uncemented aggregates. The presence 
of an appreciable volume of secondary filled cavities which must 
have been voids when the dike formed indicates, on the contrary, 
that the material underwent expansion during injection, rather 
than compression. The voids are believed to be the direct result 
of the expansion of water or water vapor during the process of 
injection outlined, and are direct evidence in support of a 
mechanism involving reaction of the material under its own 
clastic potential. 


Direct evidence indicating an upper limit of temperature 
for the intrusion is afforded by the habit of the secondary 
quartz. The prismatic form with positive and negative rhom- 
bohedral termination indicates that it formed as low-quartz 
below about 575°C. The temperature may have been higher 
if the quartz did not begin to crystallize until after an appre- 


ciable cooling period. It seems more likely that quartz began 
to form at the time of the injection, perhaps brought on by 
the pressure drop that has been postulated. The greater 
abundance of secondary quartz as the dike is followed into 
the sill supports this supposition. 

A lower limit of temperature cannot be fixed with similar 
probability; however, the suite of minerals forming in the 
cavities in the dike, in approximately the following order: 
quartz, epidote, sphene, garnet, pyrite, chlorite, and finally 
calcite—is at least suggestive of hydrothermal conditions, 
beginning at a relatively high temperature. The increase up- 
ward in the proportion of sericite as against kaolin in the 
altered feldspar in the dike also supports this view. Also, as 
noted, the dike was intruded at an early stage of solidification 
of the sill. Apparently, then, the temperature prevailing during 
the intrusion of the dike was not far below an upper limit 
of 575°C. 

An upper limit for the pressure can also be fixed with con- 
siderable assurance. The sill appears to have been emplaced 


beneath at least a mile of rock (Longwell, 1932, p. 81) al- 
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though it is possible that the overlying strata were much 
thicker. A depth of 6,000 feet gives a superincumbent a of 
about 400 bars. The actual pressure of water may have had 
any value up to 400 bars (more if the overlying rock had 
containing strength), depending on the temperature, the 
resistance of the overlying rock to the escape of water or 
water vapor, and the extent to which the pore space in the 
rock was saturated with water. 

The resistance of the overlying rock to the passage of water 
from below was probably great. The systematic joints in the 
sill had not yet formed, and the fracture that the dike fills 
1s be leved to be one of the first fractures formed in the solidify 
ing mass. Therefore, the sill was probably a vapor-tight seal. 


There is also much shale in the Triassic section which is prob- 


ably fairly impervious. A potential confining pressure at 
least equivalent to the weight of overlying rock, or about 400 
bars, was probably effective. However, the full confining pres- 
sure may not have been attained by the water in the under- 
lying sediments because the ratio of water content to avail- 
able pore space may not have been great enough to bring the 
water pressure up to the full amount of the available con- 
fining pressure at the temperature prevailing. 

The critical temperature of water 1s 374°C. and its critical 
pressure is about 221 bars; so that the following states of 
water are possible: 

Case Relative Temperature Relative Pressure Phases of Water Present 
|. Below critical temp. Below vapor pressure All vapor 


Equal to vapor “ 


Liquid plus vapor 

Above vapor id All liquid 

Above Below critical All vapor 

‘ Equal to “ All vapor, density 

approaches liquid. 
Above " Supercritical vapor, high 
density. 

The last case would be most favorable for the injection of solid 
material in momentary suspension. For example, if the temper- 
ature were 400°C. and the pressure 400 atmospheres, the spe- 
cific volume of water would be 1.9 em.*/gm. (Goranson, 1942, 
pp. 205-212) and its density 0.53 gm./cm.* The greater the 
density of the fluid medium, the less the pressure differential 


and velocity of the fluid need be to produce a given amount of 
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movement of suspended material. If the temperature of the 
water in the sediments were below the critical temperature, the 
most favorable state would be case 3 where the water is in the 
liquid state entirely. For example, if the temperature were 
350°C. and the pressure 350 atmospheres, the specific volume of 
liquid water would be 1.52 em.*/gm. and its density 0.66 gm./ 
cm.* Thus the density of the fluid medium is the same order 
of magnitude whether the fluid is liquid or gas as long as the 
fluid pressure is greater than either the vapor pressure or the 
critical pressure, as the case may be. Geologic evidence in- 
dicates that the pressure was very probably well above the 
critical value. 

The pressure differential resulting from the opening of a 
fracture such as that filled by the dike is difficult to estimate 
as its value is not constant but a function of the rate at 
which the fracture opened, the back pressure of vapor exerted 
by the vapor concentration in the igneous rock, the velocity 
of the material rushing into the fracture, and the area over 
which the fluid expansion was effective. If the fracture was 
essentially a void as it opened, the initial pressure differ- 
ential would be approximately the fluid pressure present in 
the underlying sediments. And if the volume over which the 
reaction to this pressure differential was effective was large 
in proportion to the volume of the fracture, the drop in 
pressure differential would be small. The drop in pressure 
differential would be further reduced by the rate at which 
the overlying load settled in response to the upwelling of 
sedimentary material. Under these conditions the opening 
crack would in effect suck up the underlying sediments. The 
geologic evidence indicates that these conditions prevailed. 

Figure 5 shows the relation between pressure and density 
of water vapor at a temperature of 400°C. and also shows 
the percentage of total volume increase that would result 
from the expansion of water vapor in a rock with 10 percent 
initial porosity starting at an initial pressure of 400 bars and 
temperature of 400°C. Adiabatic effects have been neglected. 
These conditions are well within the range of probability 
for the present case. The estimate of initial porosity is prob- 
ably quite conservative in view of the character of the sedi- 
ment involved. It can be seen that a pressure drop of 100 
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bars would produce a bulk volume increase of a little more 
than 6 percent, and that further drop in pressure would 
cause a very rapid increase in volume far beyond that re- 
quired to cause the dike injection. A minimum measure of 


the actual increase in volume undergone by the dike amounting 


to 3.5 pereent has been given by the measurement of the 
volume of visible cavities in the rock resulting from gas 
expansion. This expansion could be effected by a pressure 
differential of 85 bars, and a drop of an additional 18 bars 
would double this percentage expansion. These rough cal- 


olume increase with falling pressure of a 
tilled with supercritical water at a con- 
ind an initial pressure of 400 bars. The 
temperature and pressures is also shown 


Goranson, Birch, et al., 1942). 
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culations show that the opening of the crack need not have 
produced the maximum theoretical pressure differential in 
order to cause the effects observed. 


DISCUSSION 

If the dike originated in the way described, an interesting 
conclusion can be drawn concerning the vapor pressure of 
the igneous rock mass. For the proposed mechanism to be 
effective, the igneous mass at the very earliest stage of con- 
solidation must have had an effective vapor pressure of 
water well below the external pressure. This leaves the 
following alternatives: 

1. The magma, in solidifying, exuded or used up all its 
primary water at a relatively high temperature so that at 
the temperature of final consolidation it was not in equilibrium 
with a vapor pressure of magmatic water appropriate to the 
prevailing temperature and pressure. In other words the 
dolerite was relatively dry at a late stage; or 

2. The water or vapor was held by the rock at this stage 
in such a way that it could be given up at only a relatively 
slow rate in response to a fall in external pressure. 

The hydration of the igneous rock along the contacts of 
the dike with the dolerite suggests that the dolerite was rela- 
tively dry, and that at the stage in which the clastic injec- 
tion took place the igneous mass was actually capable of 
using up water, if available, at the prevailing external pres- 
sure. Thus the chloritization which is prevalent in the col- 
umnar cooling joints of the mass may have resulted from the 
influx of externa] water or water vapor as these joints opened. 
On the other hand, the secondary chlorite present in the dike 
requires the addition of magnesia to the sedimentary material 
and this must have been supplied by emanation in some form 
from the dolerite. An interchange between two masses not in 
chemical equilibrium at the prevailing pressure and tempera- 
ture is indicated. 

The rather remarkable suite of minerals in cavities in the 
dike, including sphene, epidote, garnet, pyrite, chlorite, quartz, 
and calcite; leads to speculation as to the conditions undet 
which the transport and recrystallization of chemical constit- 
uents took place. The evidence points to the dike having been 
pervaded by super-critical water vapor, but also indicates 
that no continued flow of water or vapor took place after the 
initial injection. The dike appears to terminate upward, and 
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though lateral flow is not precluded, nothing in the dike or 
the geologic surroundings indicates that flowage of vapor or 
solutions was effective. This strongly suggests that transport 
and recrystallization of mineral components took place in 
part at least by diffusion through a supercritical vapor. 

Bowen and ‘Tuttle (1949, pp. 441, 444) have recently shown 
experimentally that very appreciable transportation of silica 
takes place in super-critical water vapor. This transportation 
is ascribed by Bowen and Tuttle to “convective circulation” 
of vapor, but it is described as having taken place through 
capillary tubes and around tightly fitting crucible covers 
(Bowen and Tuttle, 1949, p. 441). The question may be 
raised as to whether the process was convection or diffusion 
under these conditions. 

Even if the equilibrium concentration of a substance in a 
solution is very low, if it is removed in one part of the system 
as fast as it goes into solution in another part, the amount of 
transportation depends on the rate of diffusion as well as 
the equilibrium concentration. The cyanide process for dis- 
solving and reprecipitating gold is to a certain extent a case 
in point. The rate of diffusion in a super-critical vapor is 
much higher than in liquid solutions, and although the con- 
centration of a substance may be very low at any given instant, 
it may migrate through the vapor at a rapid rate. 

The time during which relatively high temperatures per- 
mitted the formation of secondary minerals in the clastic dike 
was probably on the order of a few months or years, and the 
presence of the secondary minerals may be explained by the 
diffusion of the added components through super-critical water 
vapor. ‘This occurrence points up the importance that the 
state and conditions of external as well as magmatic water 
may play in the process of contact metamorphism (Knopf, 
1936, p. 174). 

There are many accounts of clastic dikes in the literature. 
No attempt has been made by the present authors to survey 
this subjeet completely. However, Newsom (1903) has sum- 
marized a considerable portion of the literature prior to 
1903 and in addition has described some very striking clastic 
dikes in several localities in California, most of which dwarf 
the dike that is the subject of this paper. Shrock (1948, pp. 
212-221) describes many types of clastic dikes and cites 
numerous examples. Most of the clastic dikes and other dis- 
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cordant clastic masses described or referred to by Newsom 
and Shrock are of sedimentary origin and cut other sedi- 
mentary rocks. The geologic evidence is clear that many dis- 
cordant masses have originated by material filling open fis- 
sures from above or being let down into solution cavities in 
limestones and of course these are irrelevant to the present 
discussion. However, Newsom and Shrock cite abundant evi- 
dence to show that clastic dikes are formed commonly by 
injection from below, and are commonly composed of sand or 
coarser material which is injected into finer grained sediments, 
such as shale. Furthermore, in a large proportion the material 
of the dikes is slightly to highly bituminous. However, dikes 
of clay are not rare. 

Newsom (1903, p. 268) summarizes the methods of forma- 
tion, and states in regard to the origin of clastic dikes injected 
from below that, “If the authors are correct in their deductions 
| this type of clastic dike has been formed]: by injection of 
material from below along with water, petroleum or petroleum 
residues. The injection has been due to hydrostatic pressure, 
pressure from overlying beds, pressure from gas, or from 
combinations of these.” Newsom states in conclusion, “. . . con- 
ditions favorable to the formation of clastic dikes by intrusion 
are produced when any unsolidified sedimentary deposit, be it 
sand, clay, or caleareous material, is covered by a later deposit 
of any kind which solidifies before the solidification of the 
underlying sediments. Under such conditions the entrapped 
unsolidified sediments may be forced into joints or fissures in 
the enclosing hardened rocks, should such fissures be formed. 
Clastic dikes may also be produced by the pressure of over- 
lying strata squeezing soft unresisting rocks, such as shales, 
into cracks in either overlying or underlying rocks which 
have a greater crushing strength than the entrapped beds.” 

Little fault can be found with this admirable statement, 
and indeed subsequent investigations of clastic dikes that have 
come to the authors’ attention have added little to it. How- 
ever, the statement as it stands does not convey a true insight 
into the intrusive mechanism that appears to have been 
effective in emplacing the dike described in this paper; nor 
does Shrock’s (1948, p. 213) statement that “Clastic materials, 
if they contain enough water or petroleum to have the prop- 
erty of a fluid, can be injected from below into a fractured 


‘ 
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formation if there is sufficient pressure.” The primary force 
responsible for the injection is an elastic potential possessed 
by the material itself because it is saturated with a fluid 
medium, liquid or gaseous, capable of expansion due to its 
own internal pressure, so that the material as a whole responds 
to any local fall in external pressure such as that resulting 
from the dilation of enclosing rocks as a result of fracturing. 
It is not external pressure that forces the material into place 
in a plastic or fluid manner. Indeed, in a large number of 
cases described, with the exception of clay dikes in coal, etc., 
whose plastic origin is not questioned, the intrusive material is 
less plastic than the rocks that it intrudes. 

Published descriptions of clastic dikes lead to the conclu- 
sion that the mechanism described in this paper may be per- 
haps the major cause of clastic intrusions. The elastic poten- 
tial need not be supplied by heat. Strong artesian pressure 
or natural gas pressure may be equally effective. Many dikes 
have been attributed to the upward flow of artesian water, 
and on occasions as in the Charleston, South Carolina, and New 
Madrid, Missouri, earthquakes (Dutton, 1889, pp. 284-302), 
(Fuller, 1912, pp. 1-119), sand and water have actually 
spurted from fissures at the surface. Where there is an actual 
flow of artesian water it may be expected to transport and 
deposit material. However, the simple flow of artesian water 
does not explain the many instances where dikes are seen or 
are inferred to terminate upward so that no thoroughgoing flow 
was possible. The effective mechanism in these cases is inferred 
to be an elastic response to a fall in local pressure due to an 
opening void, the solid material being transported as a sus- 
pensoid in the fluid medium. Liquid water at the pressures and 
temperatures prevailing under simple artesian conditions, 
being virtually incompressible and thus inelastic, could pro- 
duce such dikes only where the water in the surrounding sedi- 
ments can respond to a local fall in pressure by an abrupt 
influx toward the low pressure area. 


A large number of clastic dikes that have been observed, in 


fact many of the largest and most striking ones, are in petro- 


leum-producing areas and they are commonly impregnated 
with bituminous material. This strongly suggests that natural 
gas and petroleum supplied the necessary elastic medium. 
Meek (1928) describes a sandstone dike about a foot in width 


[ | 
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and exposed vertically for 50 feet. The dike is composed of 
sand impregnated with tar cutting a Miocene shale. Heavy 
mineral analysis proves that the dike was derived from sands 
more than 1,000 feet stratigraphically below the shale. Meek 
advances as the most probable explanation, “. . . during a 
severe earthquake shock, or while the beds were being warped 
or folded, a fracture could have been developed, into which 
soft, incoherent, and perhaps water-soaked sand was forced, 
or injected, from some source lower in the section, by virtue 
of the compressional forces which were operative during such 
a condition of exceptional earth stress.” (Meek, 1928, p. 275) 
This interpretation of the relative physical behavior of sand 
and shale under stress is at variance with the properties of 
these materials. The case described by Meek seems more readily 
explainable by the mechanism proposed in this paper, with 
petroleum gas pressure, for which he gives abundant evidence, 
supplying the elastic medium. 

The general opinion concerning the origin of clastic dikes 
is probably expressed by Grout (1932, p. 325) who states, 
“Clastic dikes are said to be derived generally from lower 
formations and to be pressed up by the weight of the rock 
load or by gas pressure. The sand grains of dikes are well 
rounded and were no doubt lubricated by some fluid while 
being injected.” Clastic dikes are also commonly cited as 
demonstrating the plastic behavior under stress of decidedly 
non-plastic material. In the opinion of the authors these 
views involve a misconception of the mechanical role of con- 
fining pressure, deformational stress, and fluid medium in many 
typical cases of clastic injection. The phenomenon is elastic 
rather than plastic. 


APPLICATIONS TO ERUPTIVE ROCKS 

In many eruptive rock complexes, bodies are found with 
intrusive relations to associated rocks, where the seemingly 
intrusive bodies appear to be granular aggregates of the 
earliest forming constituents of the eruptive mass. Examples 
may be found among the so-called magmatic ore deposits of 
chromite, magnetite and ilmenite, late lamprophyric dikes in 
granite masses, and small monomineral intrusions of anortho- 
site and dunite. Somewhat improbable mechanisms such as the 
sinking and remelting or resolution of early crystals to form a 
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magma capable of re-injection have been proposed (Beyschlag, 
Vogt and Krusch, 1914, p. 243; Hess, 1938). Other workers 
have doubted that many of the monomineral ore deposits 


thought to be magmatic are accumulations of early crystalline 
differentiates (Lindgren, 1913, p. 749; Broderick, 1917, pp. 
691-693. Osborne, 1928, pp. 730-732), but if any bona fide 
examples do exist it may be possible to explain their anomalous 
intrusive nature by the mechanism outlined in this paper. If 
an aggregate formed by crystal settling it would surely have 
a relatively large amount of pore space, because the density 
difference between crystals and magma required to produce 
a closely packed aggregate is small. This pore space would 
certainly be filled with the magma in which the crystals settled, 
and this magma would probably contain dissolved volatiles and 
possess appreciable vapor pressure. After the overlying por- 
tion of the magma chamber solidified, this interstitial magma 
might remain liquid because held interstitially in the lowest and 
hottest portion of the mass. Any fracturing of the overlying 
mass would set in motion the mechanism that produced the alto- 
gether intrusive injection of sand and gravel here described. 
Thus the categorical statements commonly made that solid 
crystals cannot be injected may have to be modified. 

Reactions between the interstitial magma that provided the 
elastic medium, the wall rocks of presumably more silicic and 
alkalic composition, and the early formed crystals themselves, 
injected into a cooler and lower pressure environment, may 
explain the contact effects and replacement textures observed 
in many cases. A considerable degree of recrystallization and 
contact alteration has been shown in the case of the simple 
clastic dike described in this paper. 

Such seemingly anomalous phenomena as_ mica- 
peridotites that are occasionally found cutting flat-lying, 
undeformed sediments, even stratified salt deposits, without 
appreciable contact alteration (Maynard and Ploger, 1945; 
Filmer, 1937, 1940), may be intruded in the manner suggested ; 
and the mechanism may, of course, be effective in helping to 
bring major intrusions from a lower to a higher level in the 
earth’s crust. 
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ON A DISTINCTION BETWEEN LATE- 
MAGMATIC AND POST-MAGMATIC 
REPLACEMENT REACTIONS 


F. CHAYES 


ABSTRACT. The kinds and habits of the minerals involved having 
failed to provide reliable criteria for discriminating between late- and 
post-magmatic replacements, it is suggested that more attention should 
be paid to the distribution of the products of these replacements through 
the rock mass. If a replacement reaction occurred while the magmatic 
residue was still homogeneously distributed through the mass, the 
amount of replacement mineral formed would be roughly proportional 
to the amount of original mineral available and probably would not vary 
inversely with the quantity of the latter surviving the reaction. If the 
reaction occurred after separation of magmatic residues from solid 
rock was well underway. the amount of replacement mineral would be 
essentially independent of the amount of original mineral but would 
vary inversely with that part of the original mineral surviving the reac- 
tion. On this basis it is shown that evidence gained from a sample 
consisting of 21 specimens offers reasonable assurance that muscovite 
pseudomorphously replacing plagioclase in the granite of Barre, Vermont, 
is late-magmatic rather than post-magmatic or hydrothermal. 


SOME QUESTIONS OF TERMINOLOGY 


HE descriptive terminology of end-stage reactions has 

been developed and refined to such an extent as to render 
it nearly worthless for an argument of this type. Each descrip- 
tive term has many connotations and each natural phenomenon 
may be described by any of several terms. On the other hand, 
the genetic terminology that enjoyed such great vogue: in 
recent years is so abstract as to be inapplicable in most 
practical situations. 

An argument that is to be carried through with small 
samples--a characteristic unfortunately shared by most geo- 
logical disputes-— requires some a priori hypothesis or model, 
for with small samples all we can ever hope to do is determine 
the compatibility of the observations with the hypothesis. Now 
in general the only useful hypotheses are those which may be 
either confirmed or rejected by the observations they are 
created to explain, and to reach such hypotheses clear and 
unambiguous descriptive terminology is essential. The matter 
is of such importance I have thought it best to clutter up the 


literature with vet one more discussion of terms before getting 
down to business. 
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In this note little will be said about the state of the materials 
involved for the very good reason that I have never visited an 
active magma in its chamber. I am guilty of the assumption 
that there is a (granite) magma and that it consists of a 
mixture of crystals and liquid, for it is in this way that I have 
been able to make the most sense of the observations. This is 
perhaps partly a personal idiosyncrasy. The data are given in 
full in table 1, and those who find it easier, more useful, or 
more fashionable to think in terms of alkali-emanations, 
“clouds of ions,” or wholesale metasomatism may make full use 
of them. 

The reader is entitled, however, to some rationalization of 
the discrimination made here between late-magmatic, post- 
magmatic, and hydrothermal action. The magmatic residue 
that never separates from the crystallized portion of the magma 
may be mostly water and will likely be pretty hot, but so long as 
it shows no detectable tendency to concentrate within or escape 
from the magma chamber, remaining, so far as we can tell, 
disseminated through the rock, I regard it as part of the 
magma, and the products of reaction between it and the solid 
part of the magma as late-magmatic. If for some reason 
any number may be imagined—there is a tendency for residual 
liquors to be expelled from some parts of the chamber and 
gather in others without formation (or preservation) of 
well-defined fractures, the distribution of the products of end- 
stage replacement reactions through the mass will be very 
different from that found for the magmatic case. It is pos- 
sible, but unproved, that deuteric action belongs in this 
category. At any rate, magma in the sense of a homogeneous 
paste of solids and liquids has ceased to exist at this stage; 
for lack of a better name reactions occurring at this time 
are here called post-magmatic. Anticipating considerable ob- 
jection, I have reserved the term “hydrothermal” for the 
products of reactions in which some at least of the reagents 
seem to have reached their present sites by means of frac- 
tures and openings in the rock. Certainly such fracture fillings 
may give rise to metasomatic replacement along their margins ; 
but if there is no evidence that material has been introduced 
very little is gained by the assertion that it has. This amounts 
to no more than saying that metasomatic replacement of one 
common mineral by another common mineral is not of itself 
evidence of the introduction of hot waters of foreign origin. 
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All that is new in this note is based on the notion of pseudo- 
morphous replacement. The Mu, values of table 1 report the 
muscovite in each slide occupying space that seems once to have 
been filled by plagioclase. For the most part the basis of the 
inference is quite clear, since muscovite crystals are usually 
much smaller than plagioclase crystals and commonly lie either 
entirely inside or entirely outside them. Not infrequently, 
however, large flakes of white mica are interbanded with biotite 
and these may continue without visible break into adjacent 
plagioclase. In the plagioclase they tend to form irregularly 
bounded poikilitie plates or vermicular intergrowths, and the 
few cases of really extensive replacement are almost all of this 
type. There is an element of judgment involved in deciding 
which parts of such a muscovite grain fall in Mu, and which in 
Mu,. I believe that most petrographers would have made about 
the same decisions I did and that though this uncertainty in 
identification must contribute to the analytical error, and 
hence to the residual variance, its contribution is quite small. 
Probably more of the analytical error is traceable to the 
minute size of many of the muscovite flakes. 


Finally, in arguments of this type purely petrographic 


considerations rarely lead to satisfactory materials balances 
or stoichiometric equations, and the present case is no excep- 
tion. On the assumption that “muscovite” is really potash mica, 
or even if it is pyrophyllite, its replacement of sodic oligoclase 
must release a certain amount of soda, lime, and silica. The 
lime may have gone into carbonate, which is present in about 
the right amount. The fate of the silica and soda is unknown. 
If country rock outcrop were more abundant, .it might be 
useful to look for them there, but every explanation of this 
particular replacement runs into the same difficulty. Whether 
the released materials end up in the country rock or in the 
ocean is of small moment in determining whether the replace 


ment was late-magmatic, post-magmatic, or hydrothermal. 


OUTLINE OF THE PROBLEM 


All of us who stil! believe in magmas are required also to 
imagine the end stages of plutonic magma consolidation. On 
the assumption that the magma contains more water than the 
rock, we must suppose that a hydrous residue remains after 
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most of the magma has crystallized, that the residue—or some 
derivative of it-——does finally leave the magma chamber, whether 
by boili.g or filtration, and that immediately before and during 
the early stages of the separation it is widely disseminated 
through the mass. 

Even conceptually, however, reactions taking place in a 
largely solidified magma with only a thin interstitial liquid 
can hardly be distinguished from those taking place after the 
magma as such has ceased to exist. In practical cases this dis- 
tinction usually depends on the geologist who happens to be 
making it. Traditionally, attempts to provide some reasonably 
objective basis for it have centered on the kinds and habits of 
the minerals involved. The history of the subject has been 
excellently summarized by S. J. Shand (1944, 1948) who has 
managed to cut back the dense verbiage that had grown up 
over it. It is to be hoped that this operation will be repeated 
at frequent intervals, though it seems a little unfair to expect 
one man to do all our pruning for us. As Shand’s latest dis- 
cussion shows (1948, p. 158), the nub of the difficulty is that 
neither the kind nor the habit of a mineral leads to a grouping 
in which the classes “late-magmatic” and “post-magmatic” are . 
mutually exclusive. 

The criteria currently in use may be applied quite independ- 
ently of the distribution of the allegedly late- or post- 
magmatic minerals through the rock, yet it is just this dis- 
tribution that seems to offer the most direct entry to the 
problem. If a mineral occurs in about the same amount every- 
where in a rock mass, it must be the product of magmatic 
action or of very thorough metamorphism or weathering. If 
these last two can be excluded, we have no choice but to regard 
it as magmatic. If, on the other hand, it occurs only, or 
primarily, in veins or fracture fillings, it is clearly hydro- 
thermal (though neither the heat nor the water is ipso facto 
of magmatic or non-magmatic origin). We can distinguish yet 
a third case in which there may be a decided tendency toward 
local enrichment or depletion so that the mineral is spor- 
adically and irregularly distributed through the mass yet is 
apparently not concentrated along fractures or veinlets. 
Where magmatic residues are expelled by filter-pressing, 
local concentrations must often precede the actual expulsion 
and might easily lead to the sparsity or virtual absence of 


- 
. 

if 
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the products of end-stage reactions in some parts of the 
mass and their considerable enrichment in others. If sufficient 
modal data were available, it would be useful to inquire to 
what extent the distribution of minerals regarded on other 
grounds as deuteric is of this type. 

In the absence of data it may at least be pointed out that 
two pre-hydrothermal stages could be distinguished in this 
fashion and that regardless of what name be applied to the 
“sporadic” type, the first can hardly be considered 
other than late-magmatic. If the reactions involved in both 
cases are pseudomorphous replacements, it may be shown 
that very different relations would hold between the reaction 
pairs depending on the distribution of reagents through the 
reck during the reaction. 


second, or 


If we suppose first that conditions favoring a particular 
reaction terminate before there has been any significant dif- 
ferential concentration (in space) of’ magmatic residues, so 
that during the critical period the entire rock is exposed to 
their action, the amount of replacement product (R) formed 
will be directly proportional to the amount of original mineral 
(QO) available. There will be positive correlation between O 
and R and the significance of the sample correlation may be 
tested by the usual nul hypothesis. The best estimate of the 
proportionality will be the coefficient of regression of R on O, 
but it is not likely to be a very good one unless the sample is 
rather large and the environment quite uniform. 

If, on the other hand, the reaction does not get underway 
until the magmatic residues have begun to concentrate, the 
amount of R formed will be a function not of O' but of the time 
during which the O contained in some particular sample, 
whatever its amount, was exposed to materials capable of 
reacting with it to form R. Assuming an abundant supply of 
these, so that in any particular case the reaction might proceed 
to completion, R would be absent from some parts of the 
rock, present in some, and abundant in others, but its amount 
would be essentially independent of that of O. Under such 
circumstances there would have to be negative correlation 
between R and the quantity (O-R), the amount of original 
mineral surviving the reaction. In the next section some analy- 


‘Except in the sense that R < O. O is here taken as a major constituent 
abundant throughout the rock, while R is in general a minor constituent. 
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tical basis for these assertions is given and the succeeding 
section describes a practical illustration. 


CORRELATION OF A SUM WITH ONE OF ITS PARTS 

A better treatment of the relations described below through 
equation (4+) may be found in either of two excellent elementary 
statistics texts (Snedecor, 1946; Yule, 1946). The discussion 
is included here so that the argument may be followed, if neces- 
sary, without outside reference. 

Let x be the deviation of a single measurement from the 
group mean, (X —x), n be the number of measurements, and 
represent different variables by subscripts. Then the standard 


deviation is s = ke ~/, and the product moment correla- 


tion coefficient is r= SG 2) where large S signifies sum- 
(n — 


mation. If X, = X, + X., then by definition, 
Xs xX, + (1) 

Squaring, summing, and Gividing each summed term by n—1 
gives = si +s,+ 2r,. (2) 

This is the familiar ‘onlin used in ,ieaem errors in ex- 
perimental techniques. Where successive steps may be presumed 
independent, if, for instance, step 1 is the taking and step 2 
the titration of an aliquot, then r,, = 0 and the third term 
vanishes. 

Further, by definition, 


(n—1)s,85 (n—1)s, 


and combining (2) and (3) Bives 


Tes 2 T1289 (4) 
s* + 5s? + 2r 


12° 
which is the usual statement se the corre een of a sum (X,) 


with one of its parts (X,), as a function of the relation between 
the parts. 

Finally, let X, be the amount of R (the replacement product 
of the preceding section), X, be the quantity of O (the original 
mineral prior to replacement), and X, be (O-R) (the amount 
of O surviving the replacement process). The two types of 
replacement reaction may then be stated as special cases of 
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equation (4), but first it will be helpful to restate the equation 
explicitly for r,., thus: 


(5) 


The late-magmatic reaction, in which the amount of replace- 
ment product is proportional to the amount of original mineral 
available for the reaction, is exemplified by r,, 20, and in 
small samples r,, will be rejected by the nul hypothesis test 
unless it is in fact quite large. Negative values of r,, may occur 
only if 8, > r,.s,; there is no a priori reason why this may not 
be so, but it is not likely that negative values of r,, will often 
be significant. For 19 degrees of freedom, for instance, the 
01 point for r is 0.58; correlations smaller than this will usually 
be rejected as insignificant. Using data from the next section 
as an example, s, 1.46, s. = 2.98 and s, 3.59. Entering 
equation (5) with these values yields ry, + 0.21, which 
offers no support to the suggestion that X, and X, are nega- 
tively correlated. By similar substitution it may be shown that 
significant values of r,, > 0 and r,, <0 could not occur to- 
gether in this case unless s, 2 3.52, a value mere than twice 
as large as that actually observed. I believe this is a fairly 
typical example and that in general if r,, is significantly positive 
r,, will not be significantly negative, though this is to be 
regarded as a likely rather than a necessary result. 

In the second type of reaction, which does not start until the 
concentration of magmatic residues is well underway, the extent 
of replacement will be governed largely by the time during 
which any part of the rock is exposed to their action. R and 
O will be independent except for the mild restriction that 
R < O. (In the example described below, R is never more than 
a fourth of O. The restriction might be bothersome in the 
case of very extensive replacement, such as often occurs in 
the metamorphism of gabbroic rocks.) 


From equation (5) 


Lim T1312 — - 


Se (6) 
so that in this sporadic type of replacement there will be 
negative correlation between R and (O-R), and if we are con- 
fined to small samples we shall again require a rather high 
sample correlation before discarding the nul hypothesis. As a 
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correlary of equation (7), if ri, = 0, s;<s,; but s, will 
probably be a good deal larger in relation to s, than in the 
previous case for the reason that X, will be entirely lacking 
in some parts of the rock and quite abundant in others. This 
enlargement of range will very likely increase sample variance 
and tend to generate rather large (negative) values of ry». 

These results may be summarized as follows: 
Distribution Type Corr. of O with R Corr. of (O-R) with R 
I. Homogenous positive large negative values 

(late-magmatic ) unlikely 
II. Sporadic negligible large negative values 
(deuteric ?) likely 

The mere fact that the sample statistics of two minerals 
fall in one of the groups shown in the table is of course no 
basis for inferring a replacement relation between them; but 
if the existence of a replacement relation may be inferred 
on other grounds the table offers a method of determining its 
type. Extra-statistical information is crucial for the reason 
that the sum of any set of paired values will show correla- 
tion with either or both members of the pair. In general, if 


/ 

— 0, Pug = which is always positive. Mineral 


pairs having no relation whatever to each other will thus fre- 
quently appear to fall in type 1. The same would likely be 
true of sets of numbers drawn from a telephone book or from 
a table of random numbers. 

Where there is no outside information about the relationship 
between two minerals, it is probably legitimate to dismiss 
correlation between either of them and their sum as a function 
of their variances. Where there is independent reason for 
supposing that the variables are related, however, it is quite 
as legitimate to regard their variances as functions of the 
covariance required by the hypothesis. 

Although the part-whole correlation may easily lead the 
unwary astray, it offers a simple, direct approach to many 
problems and is implicit in many others. A high positive cor- 
relation between live- and dressed-weight of beef cattle, for 
instance, would be a matter of considerable importance to 
the operator of a slaughter house. It would continue to hold 
his interest even if it should be pointed out to him that in many 
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cases there was no correlation between dressed-weight and 
waste. In our case the live weight is QO, the dressed weight is 
(O-R), and the waste is R. 

The convention that end-stage reactions must terminate 
before or begin after the concentration of magmatic residues 
gets underway is of course highly arbitrary and has been 
adopted only to provide entry to the problem. The opposite 
state of affairs is more likely to obtain, and the probable 
effect of this will be that in many small samples neither 
tendency will attain significance. If the reaction were chiefly 
confined to one period or the other, however, it would generate 
the appropriate variances and covariances. The size of sample 
required to detect the effect may be regarded as some gauge 
of its strength. The next section describes a case in which the 
late-magmatic character of the reaction appears to have been 
strong enough so that it may be detected with reasonable 
assurance even in a rather small sample. 


RELATION OF MUSCOVITE AND PLAGIOCLASE IN THE 
GRANITE OF BARRE, VT. 


The granite of Barre is characterized by a rather low quartz 
content and a considerably excess of plagioclase (sodic oligo- 
clase) over potash feldspar (microcline). Biotite is the prin- 
cipal mafic constituent. Transparent accessories, chiefly apa- 
tite, sphene, and epidote, are quite common; opaque minerals 
are remarkably scarce. Muscovite” is abundant throughout, 
occurring as a pseudomorphous replacement of plagioclase 
or in close association with biotite. Almost every thin section 
contains a littl carbonate, nearly all of which has apparently 
replaced plagioclase. Biotite is sometimes transformed to 
chlorite, which is then commonly rimmed by a minutely crystal- 


line aggregate of very high index and birefringence, probably 


leucoxene. The Barre is a medium-fine granite; in Shand’s 
classification is 


a peraluminous soda granite and in the 
Johannsen system it would be called granodiorite. Table 1 
shows the results of point-counter analysis of twenty-one thin 
sections. An area %)" by 1” was measured on each slide and 
the number of points identified for each analysis is shown in 
the table. Before analysis the slides were etched with HF and 
stained with sodium cobaltinitrite in the fashion described by 
Keith (1939). 
“White mica” i better term if it were less clumsy. Iden- 
has been made by the usual thin section methods which do 
stinguish between muscovite, paragonite, and pyrophyllite. 
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Point Counter Analysis of 21 Thin Sections of Barre, Vt., Granite 


Microcline 
Plagioclase 

Total Muscovite 
Carbonate 

Opaque access. 
Non-opaque access. 


Quartz 
Biotite 


5 # points counted 


om 


ae te 
| 
crt. 


2 
9 
2 
2 
2 
2 
2 


8.0 
7.0 7.9 


tht te & 


“ 


27.2 . 73 8.3 


*Mu, — Muscovite in Plagioclase, Mu,-—Muscovite in microcline, 
Mu, —other Muscovite, mostly with biotite. 


Location of Specimens 

Wells Lamson; 6 from West part of quarry, 7-and 8 from East part, current 
working. 

Wetmore Morse; 9 from #5 derrick, 10 from #12 derrick, 11 from #6 derrick, 
12 from #13 derrick. 

Smith Granite Co; 14 from upper works, near Wetmore Morse, 15 from 
main central working face, 16 from Southwest part of quarry (“Barre 
medium-dark”). 

K. Pirie Estate Quarry; 17 from Southwest corner of quarry, 18 from 
center portion of quarry, 20 from Northeast key in floor of quarry, 21 
from Northwest floor of quarry. 

Rock of Ages Corp. Quarry; 22 from Gazeley Pit, 23 from main quarry near 
derrick #10, 24 from black knot in grout near derrick #10 (“Barre dark”), 
25 from #9 derrick, 26 from first derrick between office and observation 
booth, 27 from #3 service derrick, 28 from #5 derrick. 


I 6 266 182 386 73 04 O8 85 O1 
7 312 176 324 71 #02 O7 80 10 O02 OS 1350 
8 316 173 352 91 40 00 05 45 O1 O1 21 1464 
Il 9 327 200 S821 80 47 OO 11 58 O4 O11 O09 1491 
10 24.7 235 323 85 80 00 09 89 10 00 1.1. 1358 
1l 225 187 39.7 7.0 88 O1 O8 97 O8 15 
12 264 238 335 62 62 O1 18 S1 06 OS 11 1446 
UI 14 292 211 339 64 72 00 10 82 05 02 05 1294 g 
15 208 238 388 79 58 OS O8 69 OS O1 14 =~ 1459 
16 308 17.7 326 94 80 O1 02 83 06 O2 O4 I341 
IV 17 25.1 188 36.1 94 86 O2 O6 94 O7 O11 O4 1450 
iS 248 197 358 96 68 O3 12 83 O8 O38 O7 1433 
20 280 64 383 75 80 O1 10 91 11 00 O06 1466 
21 290 188 33.0 91 70 O2 O09 81 O9 O2 O99 1475 
248 366 02 88 O1 09 98 06 O1 1486 
212 326 71 103 O1 112 14 O4 OS 1427 
20.4 303 16.0 6.0 O4 6.8 0.1 0.6 1429 ; 
17.6 376 63 84 O02 O7 93 O06 O1 06 1281 
18.5 (33.5 7.7 10 91 #15 O8 1480 
35.9 111 14 05 1521 
= 125 404 87 16 06 1375 
Ill 
IV 
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As in most of the finer grained granites of New England 
there is a tendency for potash feldspar—here exclusively 
microcline—to mantle plagioclase, but only very rarely is there 
evidence that these mantles have developed at the expense 
of plagioclase. Rather, early formed plagioclase crystals, often 
markedly euhedral, seem to have served as nuclei for the later 
crystallization of microcline. Many of the microcline crystals 
lack plagioclase cores and many of the plagioclase crystals 
show only incomplete microcline rims or none at all, so that 
probably the formation of microcline began well before that 
of plagioclase had been completed. Except in the true “dark 
Barre” (analysis number 25 in table 1), which is now very 
scarce and seems never to have been abundant, biotite appears 
to be an early-formed mineral developing before, or at any 
rate independently of, feldspar. 

Muscovite on the other hand conspicuously replaces plagio- 
clase. Commonly it forms plates and lamellae along cleavages. 
These may spread and interlock, yielding a complex aggregate, 
or they may coalesce into large poikilitic single crystals. 
Muscovite sharply interbanded with biotite may spread irregu- 
larly into adjacent plagioclase crystals, forming a crude halo 
about the biotite where it abuts on plagioclase. Really exten- 
sive replacements are generally of this type. In such cases the 
muscovite may be in either poikilitic or vermicular inter- 
growths with the plagioclase. A little muscovite seems to have 
been introduced with quartz in minute fractures, and here it 
often displays toward quartz the same poikilitic habit else- 
where shown with plagioclase. I have never been able to follow 
one of these veinlets more than a few millimeters and do not 
believe they account for more than a very small part of the 
muscovite or quartz contained in the rock. In many thin sec 
tions they do not occur at all. 

From what has been said it seems fair to regard the great 
bulk of muscovite as almost certainly pre-hydrothermal and 
it remains only to decide whether it formed before or after 
significant separation of magmatic residues from crystalline 
material in the magma chamber; whether, in the terminology 
of the first section of this note, muscovite is to be classed 
as late-magmatic or post-magmatic. As far as I know there is 
no test that may be applied to all of the muscovite. Table 1 
shows, however, that about @° per cent of the Barre mus- 
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covite occurs as a pseudomorphous replacement of plagioclase, 
and for this material the method of the preceding section is 
available. 

The original plagioclase available for the reaction (O of 
section 1) may be reconstructed by summing plagioclase, car- 
bonate, and Mu, of table 1. The quantity of O surviving the 
replacement reaction (O-R) is the sum of plagioclase and 
carbonate. R of section 1, the replacement mineral, is Mu, of 
table 1. In summary form, the terminology is as follows: 

Section 2 Section 8 Section + 

R X, Mu, 
(O-R) (Pl + C) 

O X3 — X, t X2 (Pl + C Mu; ) 

The relevant values are drawn together in table 2 and 
shown graphically in figure 1. The correlation of R with O, 
or Ty,, is ~ 0.58. The correlation of (O-R) with R, or ry,, is 
+ 0.21. The case thus falls in the first group of section 3 
(homogeneous or late-magmatic) ; rj, or 33.5 per cent of the 
sample variance of muscovite occurring as pseudomorphous 
replacement of plagioclase is compatible with the hypothesis 
that the replacement reaction occurred before extensive seg- 
regation of magmatic residues from crystalline material in 
the magma chamber. 


WELL S~LAMSON QUARRY 
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SMITH GRANITE CO QUARRY 
PIRIE ESTATE QUARRY 
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Fig. 1. Replacement muscovite as a function of original plagioclase in 
the Barre granite (data from Table 1). 
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2 
Values of Kk, O and O-R from Table 1 


oO R O-R 
‘cimen N (Mu, + PI + Carb.) (Mu, ) (P1+ Carb.) 


6.5 
40.5 
39.3 
$7.2 
$1.3 
493 
10.3 
41.6 
4.9 
41.2 
5.4 
7.4 
0.9 
16.0 
43 
36.7 
46.6 
42.7 
44.6 
$9.0 
$3.3 
3.59 


3 39.5 
33.4 
35.3 


i. 
7. 
7 


AG 


The residual variance is of course far too large to be 
ignored, but the interpretation placed upon it will depend on 
the detail of the hypothesis being tested. If we are prepared 
to accept as magmatic only that part of the replacement 
accounted for by a single linear function of O, then the residual 
variance contains only two components, experimental error 
and post-magmatic or non-magmatic influences tending to 
localize the replacement process. This would imply that the 
regression coefficient of R on O, b, rj, , is an estimate 

| 
of a single constant supposed to hold for the entire mass and 
that r,, itself is an estimate of 1. 

While this position is perhaps logically tenable it seems 
a little impractical. For a single constituent we usually regard 
the sample mean and standard deviation as estimates of popu- 
lation parameters themselves subject to variation. We do not 
suppose, for instance, that the Barre granite everywhere 
carries exactly the same amount of plagioclase and muscovite. 


In the same way we should be willing to grant that b,, is an 


34 
6 
9 7 $2.5 
10 ) 33.3 
12 2 S41 
2 
15 58 39.1 
6 8.0 33.2 
17 5.6 86.8 
is 6.8 36.6 
20 8.0 39.4 
21 7.0 33.9 
23 103 34.0 
uh 6.0 30.7 
25 8.4 35.2 
26 7 35.0 
27 3 373 
oN 0 42.0 
x 36.0 
2.98 
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estimate of a ratio which varies somewhat in the parent quite 
independently of how we go about taking or measuring the 
sample. It follows that r,, will in general be less than 1 even 
in the absence of systematic effects tending to destroy the 
correlation. Residual variance on this construction must 
include not only experimental error and the influence of non- 
magmatic factors, but also random and possibly systematic 
variations in the parent value of b,, such as are not opposed 
to the hypothesis that p > 0. 

Proper analysis of the residual variance is thus a complex 
matter concerning which a sample as small as that shown in 
table 1 provides very little relevant information. Variations 
in the regression coefficient from place to place in the mass— 
whether random or not—would materially reduce the value of 
r,, found in a sample taken without regard to them. Such 
variations would almost inevitably result from variations in 
the duration of the late-magmatic stage from place to place. 
And it is certainly an over-simplification to suppose that the 
time during which the conversion of O to R might occur was 
everywhere exactly the same, even in the absence of a physical 
separation of crystallized material and magmatic residues. 
My own hunch is that much of the residual variance is intro- 
duced by local variations of this type, and hence not necessarily 
opposed to the hypothesis that the muscovite of the Barre 
granite is of late-magmatic vintage. This is pure speculation 
however; the problem could be solved by means of a consider- 
ably larger sample taken so that reasonably reliable estimates 
of r and b could be reached for different parts of the mass. 
A further study of this sort would surely be worthwhile. 


CONCLUSIONS 


The distribution of the products of pseudomorphous re- 
placements in a rock mass will depend on the distribution of 
magmatic residues through the mass at the time of the reac- 
tion. If the reaction oceurs before these residues have been 
expelled from some parts of the chamber and concentrated 
in others, the amount of replacement mineral (QO) formed will 
be roughly proportional to the amount of original mineral 
available for the reaction (R). There will be positive correla- 
tion between O and R and it is not likely that correlation 
between O and (O-R), the amount of original mineral surviv- 
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ing the reaction, will be significantly negative. Proportionality 
between O and R, as expressed in the regression coefficient of 
RK on O, will no doubt vary from place to place even under 
these conditions, but it should always be positive. In a sample 
taken without regard to such variations the proper test is 
thus not whether the parent correlation might be perfect but 
whether it might be larger than zero. 

If the reaction does not occur until there has been extensive 
separation of liquid residue from crystallized material, how- 
ever, the amount of R will be essentially independent of O, 
and the quantities R and (O-R) will be negatively correlated. 

It is proposed here that if the products of pseudomorphous 
replacements are distributed through the rock according to 
the first case they be termed late-magmatic, that if they come 
under the second they be called post-magmatic, and that the 
term hydrothe rmal be reserved for cases in which some at 
least of the reagents have reached their present sites via 
fractures in the rock. 

On this basis it is shown that the relation between plagio- 
clase and muscovite pseudomerphously replacing it in the 
Barre gramte is conformable with the first, or late-magmatic, 
reaction type. The correlation is high enough to be significant 
in a probability sense but low enough to leave much of the 
variation unexplained. From a sample large enough to permit 
estimates of regression and correlation coefficients for different 
portions of the Barre mass it would be possible to determine 
how much of this residual variance is to be attributed to post- 
magmatic and hydrothermal effects and how much to variations 
not opposed to the hypothesis that the reaction is late- 
magmatic. 
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AN EXPOSURE OF THE TRIASSIC 
EASTERN BORDER FAULT IN 
CONNECTICUT* 

RALPH DIGMAN 


ABSTRACT. A recent excavation along State Highway 77 one-half mile 
north of Lake Quonnipaug, New Haven County, Connecticut, has resulted 
in the first extensive exposure of the eastern border fault of the Con- 
necticut Valley Triassic basin. The exposure marks part of the northern 
termination of the Totoket crescent, the curved edge of a local synclinal 
basin of the Late Triassic Middle or Main lava flow. The Triassic rock 
is highly brecciated within 25 feet of the fault at this exposure, as is the 
pre-Triassic Bolton schist east of the fault. Separating the two, and 
exposed for a length of nearly 300 feet, is a band of fault gouge 3 feet 
wide and consisting of dark microbreccia with numerous light colored 
gouge streaks. At this exposure the fault has a strike of N. 5° E. and dips 
55°W., which verifies previous claims for the border fault as a high- 
angle normal fault. This exposure shows ‘that the Triassic lava flows 
reached the fault, at least locally, in Newark time rather than wedge out 
everywhere against detritus at the base of the scarp. 


INTRODUCTION 


HE purpose of this paper is to call attention to a recent 

exposure of the eastern border fault of the Connecticut 
Valley Triassic basin. This is the only existing exposure of the 
contact of the Triassic rocks with the pre-Triassic crystalline 
rocks of the Eastern Highland of Connecticut. The location 
is easily accessible and the exposure is large, but projected 
highway construction will cover much of the exposed rock 
within a few years. The Triassic rock at this contact is the 
trap rock of the Middle or Main flow sheet rather than the 
detrital rocks common to the eastern margin of the Newark 
group of this basin; and for this reason the exposure has 
additional significance. 


Highway construction during early summer of 1948 along 
State Highway 77 in the area of Lake Quonnipaug, Connecti- 
cut, included excavation of two sight line cuts' on this high- 
way. One of these cuts, near the south end of Lake Quonni- 
paug, enlarged an exposure of the coarse conglomerate of the 
eastern border of this Triassic area for which the Lake Quon- 


* Published with permission of the Director of the Connecticut Geological 
Survey. 


‘A slight line cut is made at a highway curve to provide view beyond 
the curve. 
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nipaug region is well known geologically. The other cut, half 
a mile north of Lake Quonnipaug, exposed the fault contact 
discussed in this paper. The writer first observed these cuts 
during final stages of their excavation while he was employed 
by the Connecticut Geological Survey in mapping this region. 


LOCATION OF EXPOSURE 

The sight line cut resulting in the fault exposure is an 
excavation on the west side of State Highway 77 midway be- 
tween Quonnipaug Mountain and Bluff Head and approx- 
imately 4.2 miles south of the intersection of this highway with 
State Highway 17 at Durham Center, Connecticut. The cut 
was made on the property of Amelia Rusconi, in the town of 
Guilford. Location of the cut by Army grid system is 102774 x 
210970, Army Map Service Durham quadrangle, Connecticut. 


DESCRIPTION OF FAULT EXPOSURE 


Exposure at this locality produced a nearly horizontal plat- 
form with a maximum width of 60 feet between the highway 
and the base of the nearly vertical, freshly cut cliff. The cliff 
is approximately 400 feet long at its base and approximately 


40 feet high. The floor of the platform consists of breeciated 
schist. Some of this rock has been disturbed by blasting and 
by the construction machinery. The rock of the cliff face is 
a highly brecciated dolerite or basalt. At the base of the cliff, 
and separating the cliff rock from the schist, is a band of fault 
gouge. 

Megascopic investigation of the schist in the platform area 
revealed an increasing intens:'y of brecciation progressively 
westward from the highway to the gouge band. Within 10 feet 
of this gouge band the individual fragments of schist breecia 
cannot be resolved with the unaided eye. Two additional out- 
crops of the schist may be seen on the east side of the road, 
opposite the fault exposure. These outcrops appear to be the 
normal muscovite-biotite schist commonly found east of the 
fault in this area. These two exposures are about 120 feet from 
the fault and are not markedly brecciated. Thus the width of 
intensely brecciated schist, as indicated at this locality, is 
somewhat less than 120 feet. Several large fragments of un- 
brecciated pegmatite, however, may be found with the bree 
ciated schist in the platform. Some of this pegmatite is within 
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several yards of the gouge and appears to be in place. Several 
specimens of schist breccia with highly polished slickensided 
surfaces were found near the gouge but were apparently not 
in place. Two thin-sections of the schist breccia were pre- 
pared from specimens collected 4 feet and 40 feet respectively 
from the gouge zone. Study of these revealed that the com- 
position and texture of the breccia fragments are typically 
those of the schist formation of this general area, although 
much of the biotite shows alteration to chlorite. More intense 
breecciation was noted in the section prepared from rock closer 


to the gouge zone. 
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Fig. 1. Detail map of Triassic fault locality near Lake Quonnipaug, 


Connecticut. 
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The rock of the cliff face is more difficult to interpret 
megascopically. A fresh surface shows a gray, mottled com 
pact breccia with fragments barely resolvable with the unaided 
eve. The rock is filled with a network of thin calcite veinlets, 
most of them less than one-half inch in width. Some vugs with 
calcite crystals up to one inch long may be seen. In appear- 
ance this rock differs markedly from the typical trap rock of 
the Connecticut Triassic. The high specific gravity of the cliff 
rock and the presence of several near-by exposures of normal 
trap rock (see fig. 1), however, do suggest the two are the 
same. Under the microscope the rock of the cliff face shows 
fragments most of which clearly possess ophitic fabric. Some 
of the plagioclase laths show alteration to clay minerals and 
some sericite has developed in the rock. 

The base of the cliff strikes N.5°-10° E., and it is here 
that the band of fault gouge is displayed (see fig. 2). The 
hand is 3-+ feet wide and is quite clearly definable from the 
adjacent material. When freshly exposed the gouge was very 
plastic, and with little effort the writer was able to push a 
shovel handle into the material to a depth of three feet. The 
strike of the fault gouge band is uniform and was measured 


as N. 5 E. Its dip is measurable at several places where the 
gouge was not removed from the cliff face. Ten dip readings 
between 50° W. and 60° W. were recorded: one was 35° W. 


The exeavation procedure was discussed with the construc- 
tion foreman, and it was stated that three horizontal cuts were 
made to reduce the area to the present level. He described the 
position at which the “clay belt” was discovered at each level, 
and from this discussion it was revealed that the band of gouge 
maintained a dip of about 55° W. through the material 
removed. 

The gouge is a dark gray to black microbreccia with most 
of the fragments less than one millimeter in size. Streaks of 
cream-colored to white gouge are present within the darker 
gouge. These light streaks, seldom over one centimeter wide, 
parallel the length of the gouge zone and are several inches 
to several feet in length. The dip of the light streaks at several 
places was found to be about 55° W. 


SIGNIFICANCE OF EXPOSURE 
For most of its length in Connecticut and Massachusetts 
the eastern contact area of the Triassic basin is cloaked by 
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Fig. 2. Photograph of the Triassic border fault exposure near Lak« 
Quonnipaug, Connecticut. The band of fault gouge is visible at the base 
of the cliff between the breceiated trap rock of the cliff and the brecciated 
schist of the platform. View looking northwest. 
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glacial debris. Stream valleys occupy much of this contact 
area. Rarely do the Triassic and pre-Triassic rocks occur 
closer than 20 feet to each other. At one place, three-tenths 
of a mile north of the locality here described, Triassic dolerite 
and pre-Triassic schist of the Bolton formation occur on 
opposite sides of the road (see fig. 1), but the actual contact 
is not observable. 

Bain (1932)° noted that “the only known exposures of the 
eastern contact (of the Connecticut Valley Triassic) are near 
and on either side of Roaring Brook, Massachusetts.” In his 
paper the contact is described and pictured as an overlap of 
Triassic talus on a steeply inclined pre-Triassic surface. It 
is generally agreed, however, that this contact is a fault 
contact in Connecticut and much of Massachusetts. This fault 
has been commonly referred to as the Great Fault. Davis, in 
his classic monograph on the Triassic formations of Con 
necticut (1898) and in earlier papers, described the fault as a 
high-angle normal fault. All subsequent writers on the Con- 
necticut Triassic agree with this and with Barrell’s contention 
that an important part of the faulting was contemporaneous 
with most of the Triassic deposition (Barrell, 1915, p. 29). 
Unable to locate a natural exposure of this contact, Davis 
(1898, p. 131) revealed it by means of a test pit at Highland 
Park, Manchester Town, Connecticut. He found “the actual 
contact fault plane—-(with) a dip of 55° to the west, with 
strike north and south.” 

W. L. Russell (1922, p. 490) has described a quartz lode 
that occurs along the eastern side of the fault area in south- 
ern Connecticut. Fragments of this quartz material are found 
in the adjacent Triassic sediments. He believed that this 
quartz lode was introduced along a pre-Newark fault and that 
this fault determined the location of the Great Fault. From 
the attitude of this quartz lode, and from other evidence, 
Russell gave a westward dip of 30° to 60° for the Triassic 
eastern border fault. 

Keeler and Brainard (1940) have described fault contacts 
between the Newark Mount Toby conglomerate and a pre- 
Triassic phyllite near the French King bridge east of Green- 
field, Massachusetts. The fault, which dips 60° west at one 


locality and 35° west at a second locality, is considered to 
* References cited are listed at the end of the paper. 
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be part of the eastern border fault of the Connecticut River 
Triassic basin, but it is stated that the faulting may have 
occurred entirely at the end of the Triassic rather than par- 
tially contemporaneous with Newark sedimentation. 

A persistant ridge maker in the Triassic Lowland area of 
Connecticut is the 400-500 feet thick Main or Middle trap 
sheet of the Meriden formation (stratigraphic divisions by 
Krynine, 1941). The Lower or Anterior and Upper or Pos- 
terior trap sheets separate this formation from the Lower 
Newark New Haven formation and Upper Newark Portland 
formation of the Connecticut Triassic. These lower and upper 
sheets are thinner than the middle sheet and in places do not 
have topographic expression. The three dolerite flows have 
been the principal stratigraphic guides in this province. Gentle 
warping in the vicinity of the Great Fault produced several 
crescent-shaped ridges of the Main trap sheet and the Upper 
trap sheet. These curved ridges are especially well developed 
in southern Connecticut (see fig. 3). They indicate synclinal 
areas and are concave toward the Great Fault. Wheeler (1939) 
has expressed the belief that the warping was related to dif 
ferential movement along the Great Fault. The crescents of 
the Main trap sheet are called (south to north) Saltonstall 
(Pond), Totoket, and Deerfield. Smaller crescents produced 
along the outcrop trace of the Upper flow exist within the 
larger crescents of Saltonstall and Totoket. 

At the time these great lava sheets were extruded it is 
conceivable that they (1) may have wedged out to the east 
against alluvial and talus material of the fault area, (2) may 
have abutted against a fault scarp, or (3) may have flowed 
bevond the deposition area onto the eastern crystalline rocks for 
an unknown distance. It is possible, too, that each of the above 
mentioned conditions may have been manifest at different 
places along the length of the Great Fault, depending locally 
upon such factors as position and thickness of alluvial and 
talus material, slope of the surface, thickness of the lava, and 
height of the fault scarp. At the various places where the trap 
ridges lie near the border fault coarse conglomerate is found. 
The conglomerate at many of these places consists of frag- 
ments that range in size from silt to blocks 3-4 feet in diameter. 


Many of the fragments are extremely angular, indicating short 
distance of travel; vet a semblance of bedding can be seen, 
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Fig. 3. The Connecticut Valley Triassic belt, showing location of the 
Lake Quonnipaug fault exposure area and showing the crescent-shaped 
pattern of the trap flows near the eastern margin of the belt. 
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and this, together with the localized distribution of the coarse 
debris, suggested to Longwell (1922, p. 232) that the material 
may be a fanglomerate. The fault scarp was probably not over 
a few hundred feet high at the time of formation of this fan- 
glomerate, for large fragments are only locally abundant and 
even in these places seldom exceed two feet. A high fault scarp 
would have produced larger fragments. The relation of the 
conglomerates to the trap near the fault indicates that faulting 
was active at the time of or just before the lava outpourings. 

The possible juxtaposition of the trap rock of the flows with 
the pre-Triassic crystalline rocks at the fault line has not been 
considered in most of the literature of this area. Longwell 
(1922, p. 234) states that the Upper flow at one locality 
within the Saltonstall crescent wedges out in fan material 
west of the Great Fault, and Bain (1932, p. 62) and Longwell 
(1933, p. 100) suggest that the Deerfield sheet of Massachu- 
setts overlaps onto coarse deposits along the eastern border of 
the Triassic in this part of the Lowland. 

The fault exposure described in this paper shows a contact 
of the northern part of the Totoket crescent with the crystal 
line rocks of the Eastern Highland of Connecticut. A review 
was made of eight maps of the Connecticut Triassic which 
include this location.* In only three of these maps (Gregory 
& Robinson, W. L. Russell, Longwell) is the trap rock of the 
Totoket crescent mapped in contact with the pre-Triassic 


rock at this place. There are 15 places where contact of trap 
and pre-Triassic crystalline rocks is theoretically possible 
along the eastern margin of the Connecticut Valley ‘Triassic 
belt (see fig. 3). Such contact is generally not indicated for 
these places in the various maps of the Connecticut Valley 
Triassic. 


In the early geologic mapping of the Connecticut Triassic 
considerable dependence was placed on topography. In most 
places the trap rock was mapped only where it has topo- 
graphic expression as ridges. Davis emphasized that the 
lava sheets were cut by the numerous oblique faults existing 
throughout the area, yet his map gives the impression that 
at many places (as at Reed Gap) the flows pinch out short 


of these faults. Davis also considered that the eastern border 

* Percival (1842), I. C. Russell (1892), Davis (1898), Gregory and Rob- 
inson (1906), W. L. Russell (1922), Longwell (1933), Wheeler (1939), 
and Krynine (1945) 
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fault was post-depositional and that the sediments and lava 
flows extended for a short distance east of this line prior to 
faulting and uplift of the eastern block (Davis, 1893, fig. 
29). His map, however, does not show contact of trap with 
the eastern crystalline rocks. It is clear that Davis’ map, which 
has been the guide for so many later maps, does not fully accord 
with his own views. In compiling the map conditions of topog- 
raphy were probably stressed above requirements of structure. 

The fault contact exposure described in this paper is ob- 
servable evidence of the existence and nature of the long 
postulated Triassic eastern border fault in Connecticut. The 
evidence from this exposure and from other outcrops near the 
fault in the Lake Quonnipaug region strongly indicates that 
the Triassic lava extrusives did flow against or beyond an 
eastern scarp at least locally. 
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A NEW COTYLOSAUR FROM 
NORTH CENTRAL OKLAHOMA 
J. WILLIS STOVALL 


ABSTRACT \ Permian reptile skull new to science is described. Its 
ippearance is so like Labidosaurus that it was at first thought to be 
that wenus. Its excessive size and the batteries of teeth in the maxillaries 
ind dentaries clearly indicate a new genus. It doubtless is a member of 
the family Captorhinidae. That it came from an area in which other very 
large Permian vertebrates have been found may indicate something of 


the ecological conditions in north central Oklahoma during Lower 
Permian time 


INTRODUCTION 
Classification: 
Class Reptilia 
Subelass Anapsida 
Order Cotylosauria 
Suborder Captorhinomorpha 
Family Captorhinidae 
Labidosaurikos meachami gen. et sp. nov. 


Genotype: skull and right mandible, M. U. O. No. 3-1-S2. 
Generic and specific characters: larger than Labidosaurus ; 
one round, large premaxillary and anterior dentary tooth; a 


battery (six rows) of remarkably uniform maxillary and 


dentary teeth; small nares; tabular and dermosupraoccipital 
posterior to parietal, and extending on top of skull; ratio of 
orbit to skull length smaller than in L. hamatus. 


DISCUSSION 
A skull of a Permian cotylosaur, found near Crescent, Okla 
homa, was presented to the writer in 1939. Illness has pre- 
vented its previous description. The specimen is an excellent 
hows most of the skull features quite distinctly. 
Several features, notably the occurrence of six rows of simple 
conical teeth on both the maxillary and dentary (plate 1, 


one and s 


figs. d, f), its excessive size, and the arrangement of the tab- 
ular and dermosupraoccipital: partially on top of che skull, 
indicate an anunal new to science. 

The skull was found in Hennessey shale in the bank of a 
small creek one half mile east and one and a quarter mile 
north of the north edge of the little town of Crescent, Logan 
County, Oklahoma. No more of the skeleton was found, but 
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associated with it were vertebrae and a portion of the pelvis 
of Dimetredon. 

The specimen is almost complete, and all of its features 
are present and distinguishable on the right side (plate 1, 
figs. a, b). The large premaxillary tooth, however, was broken 
off and buried in the matrix. All of the right mandible is 
present except a small portion at the symphysis. 

When first examined, the specimen was thought to be a 
species of Labidosaurus, probably L. hamatus. This was 
because the general contours of the Crescent skull closely re- 
semble those of Labidosaurus. The teeth, as then visible, were 
similar in both animals. There appeared to be more than 16 
maxillary teeth as recorded by Williston (1908, p. 145) in 
L.. incisivus. The removal of a small amount of matrix from 
the inside of the jaw revealed upper and lower teeth in that 
position. This suggested a battery of teeth in the maxillary 
and dentary bones instead of a single row as in Labidosaurus. 
X-rays confirmed this supposition. The mandible was then 
removed and six rows of conical, peg-like teeth were revealed 
in the maxillary and five rows in the dentary. Fragments of 
teeth indicate that in life there were also six rows in the den- 
tary. The short row contains seven teeth while the other rows 
have a maximum of 34. The smaller number is on the lingual 
side of the maxillary and on the cheek side of the dentary 
(plate 1, figs. d, f). There is also a tendency toward lineal 
arrangement in a transverse direction. 

The crowns are conical but show a slight amount of wear on 
the lingual side of those in the maxillary and on the cheek 
side of those in the dentary. Neither the wear, the number, 
nor the arrangement of the teeth offers conclusive evidence 
as to diet. The feebleness of the teeth suggests soft food, and 
the presence of four large teeth in the anterior portion of the 
mouth suggests a diet of soft plants. 

In the posterior half of the maxillary, the teeth are re- 
markably uniform in height and size. Anterior to these, sev- 
eral smaller teeth are worn flat. Between these and the large 
premaxillary tooth, there are two or three peg-like teeth that 
are larger than those in the posterior half of the maxillary. 
They, like the single, large, recurved premaxillary tooth, are 
flanked by small, sharp pointed peg-like teeth. 

The teeth are replaced by growth from a pulp cavity. Some 
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of the teeth have been exposed to considerable depth by the 
removal of an outer layer of bone along the margin of the 
maxilla and dentary, thus giving the appearance of normal 
sockets; although it is impossible to say whether they are true 


thecodont or set in grooves as in young alligators. Longitud 
inal openings filled with matrix along one or both sides of the 
teeth may be cither fractures or natural grooves. One thing 
is certain, the teeth are surrounded by bone; and the large 
anterior maxillary and dentary teeth are set in true sockets. 

There is a single, strong, recurved tooth in eacl¥ side of 
the premaxillaries and in each of the dentaries. Neither of 
the premaxillary teeth are present in place, although one was 
broken off and preserved in the matrix. It is round and not 
chisel-like. The large tooth was present and complete in the 
anterior end of the mandible. These teeth are suggestive of 
corresponding teeth in Limnoscelis (Romer, 1946, fig. 3, p. 
154), but are less recurved and relatively shorter. Also in Lim- 


EXPLANATION OF PLATE 1 
Labidosaurikos meachami gen. et sp. nov. 


Maximum length of skull 
Maximum length of mandible .. ...267 mm. 
Figure a— Dorsal view. 
Figure 6 — Lateral view taken before the mandible was removed from the 
cranium 


Figure Lateral view after removal of the mandible. 


Figure « Ventral view showing tooth arrangement. The scar of the large 


premaxillary tooth, the small teeth immediately behind it and 
the palatine teeth have been retouched in the photograph in 
order to show their true character. The dark area toward the 
interior end represents the place where the large dentary 
tooth penetrated the palate 
Figure Lateral view of right mandible showing the large Meckelian 
fossa. The small elongate dark spot near the bottom and a 
little in front of the middle is the infra-Meckelian fossa. 


Figure Dorsal view of the right mandible showing the tooth 
arrangement 


Key to the bones in Plate 1: 
a, angular; ar, articular; d, dentary; do, dermosupraoccipital; f, frontal; 
i, Jugal; 1, lacrimal; m, maxillary; n, nasal; p, parietal; pf, 


pf, postfrontal; 
; po, postorbital; prf, prefrontal; qj, quadratojugal; sa, 


surangular; sq, squamosal; t, tabulare. 


pm, premaxillary 
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noscelis there are three large teeth in each premaxillary and 
dentary and no tiny teeth around the base of the large teeth. 

There are many tiny tooth tubercles on the pterygoid and 
palatine bones. They are arranged in a row along the margin 
of the palatine vacuity and in an irregular mass along the 
summit of each transverse bone. A small cluster present in the 
lateral depressions of the palatines of the Williston specimen 
of Labidosavrus appear to be present in a single line in the 
Crescent specimen. 

There is no visible distortion in the specimen except at the 
anterior end of the dentary; the sculpturing is pronounced 
although definitely not in rows, and the sutures are, in general, 
easily distinguishable. On the basis of arrangement and shape 
of the skull bones, this animal appears most closely related to 
Labidosaurus, although it appears to be much more advanced 
than that genus. Little can be told concerning the premax- 
illaries because only a small portion of those immediately 
anterior to the nasals has been preserved. 

Comparison with Labidosaurus hamatus, which this animal 
closely resembles, will be of value. The orbits and nares 
are elliptical, with the longer diameter extending antero- 
posteriorly. In the type of L. hamatus, the long axis of the 
orbit “enters the length of the cranium posterior to it twice, 
and one and three quarters times the length anterior to it 
... (Case, 1911, p. 46). In the Crescent specimen, these 
measurements are 2.5 and 3 plus times respectively. Thus the 
orbits in the Crescent specimen are relatively much smaller 
and not so centrally placed. There is considerable difference, 
too, between the ratios of maximum orbit diameter to total 
maximum skull length. In the Crescent specimen, this figure 
is six, while in the Williston specimen it is about 4 5/6. The 
pineal opening is six by nine millimeters. Between the orbits 
and slightly behind them, the cranium is a curved plane which, 
in a lateral aspect, appears slightly depressed. The posterior 
portion of the skull forms an are of a circle; the mandible is 
not visible from above in Limnoscelis while in this specimen it 
is readily seen from above, apparently not as a result of 
distortion, 


The most noticeable superficial difference between this speci- 
men and the one described by Case (1911, pp. 47, 111) is its 
size, as may be seen in the following table of measurements. 


J. Willis Stovall 
Comparative Measurements in Millimeters 

Labidosaurikos 
-—Labidosaurus hamatus Cope—, meachami n. sp. 

Univ. of This 

Williston Chicago* #641 Broili Specimen 
Maximum length of cranium . 162 155 (est.) 185 295 
Maximum width of cranium .. 147 240 


Interorbital width 3: 26 49 


Diameter of orbit: 
Anteroposterior 


Vertical 


Width of muzzle at posterior 
border of nares .... 30 (approx. ) 


Depth of muzzle at posterior 
border of nares : 13*° 


Depth of cranium at middle 
of the orbit 3! 26°*° 


Length of crown of large 
premaxillary tooth 


Maximum diameter of large 
premaxillary tooth 


Depth of mandible at middle 
of orbit 


Length of mandible 


Length of crown of large 
dentary tooth 


Diameter at base of large 
dentary tooth ....... 10 


* These measurements are considerably greater than those indicated by 
the figures in plate 12 of the Case report. 
** Taken from figure. 


The frontal bones are a little more than one third the total 
length of the skull, have parallel sides and terminate pos- 


teriorly in a line perpendicular to the antero-posterior axis 
of the skull. This suture in the Cope specimen forms a “V” 
with its point directed anteriorly. The postfrontals and post- 
orbitals are short and differ slightly in size, while the pre- 
frontals are long and slender, and the lacrimals are wide at 
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the orbit and extend forward in a narrow wedge to the nares. 
The postfrontals articulate with the frontals above, the parie- 
tals behind, and the postorbitals and orbit below. The post- 
orbitals are bordered behind by the parietals and squamosals, 
and by the squamosals and jugals below (plate 1, fig. a). 

The external nares are not well shown in the Crescent speci- 
men, but the posterior margin of the right naris is present. A 
small narial opening is indicated. Its greatest diameter lacks 
four and one half, and possibly as many as five times, of 
being as large as the greatest diameter of the orbit; thus 
differing from the Williston specimen, in which a little more 
than two and one half diameters equal the diameter of the 
orbit. 

The nasals form the superfacial region for only a little 
more than half the distance between the tip of the rostrum and 
the orbits. In Labidosaurus, the posterior margin of these 
bones is only a short distance in front of the orbits and is in 
contact posteriorly with the frontal, prefrontal, and lacrimal. 

Williston says: “On the posterior or occipital side there 
are two cranial roof bones on each side, clearly and positively 
shown in all specimens, one bordering the hind margin of the 
parietal, and the other the squamosal, called by Cope respec- 
tively the supraoccipital and the tabulare—that is, the so- 
called epiotic of authors. They differ from the bones of the 
upper surface of the skull in lacking the superficial markings 
or pittings, and are suturally united with the superior bones 
at an angle of nearly ninety degrees” (Williston, 1910, p. 75). 

This condition differs from that of the Crescent specimen 
in several important ways. The parietals do not extend to 
the posterior margin of the skull. Those bones are in contact 
with the dermosupraoccipital and tabulare on top of the 
skull at a distance of about 18 millimeters in front of the 
angle. The median pair, that is the dermosupraoccipitals (the 
postparietals of authors), apparently form the posterior roof 
of the brain case, the suture with the opisthotic being quite 
close to the foramen magnum. The tabulares extend downward 
about 12.5 centimeters at an angle of 90 degrees in a sort 
of apron. No suture is visible at the angle, and hence the 
paroccipital is not present as a separate bone. The squa 
mosal joins the parietal and tabulare mesially and extends 
downward at the posterior angle in the same way and to 
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about the same extent as the tabulare. The quadratojugal is 
thus not present behind and below the squamosal as a single 
bone as shown by Williston (1910, plate 2, fig. 2). The quad- 
ratojugal is lateral to the squamosal and turns down the 
posterior margin very much in the same manner as the 
squamosals, 

The jugals begin well in front of the orbit and not in front 
of their middle as described by Williston (1910, p. 77). They 
articulate behind with the squamosal and quadratojugal in 
a distinct suture instead of extending “nearly to the hind 
margin of the skull.” No quadratojugal was recognized in 
Labidosaurus by Williston and Case. Williston said, “If there 
is a distinct bone here on the lateral margin of the squamosal), 
I suppose that it must be the real quadratojugal, notwith- 
standing it has no articulation with the quadrate” (Williston, 
1910, p. 74). In the present specimen the suture between the 
quadratojugal and jugal is unmistakable. 

The description of Labidosaurus given hy Case (1911, p. 
+5) does not agree with this specimen in several points. The 
maxillae of this specimen terminate laterally a little in front 
of the posterior margin of the orbits. The nasals terminate 
about midway between the orbits and nares and not “a little 
in advance of the orbits.” The prefrontals are similar in the 
two specimens but here terminate anteriorly at about the 
same place as the frontals and not in front of the frontals as 
in the Williston specimen. The lacrimals and frontals are 
essentially as in the Case specimen. The relative size and rela- 
tionship of the postfrontals and postorbitals are similar in the 
two specimens. The jugals are quite different in the Crescent 
form, terminating in front at the anterior margin of the 
orbits. The posterior margin of these bones is broadly in 
contact with the squamosals and quadratojugai at about one 
third of the distance between the orbit and posterior margin 
of the skull. Case (1911, p. 103) considered the possibility of 
sutures in this position on specimens 4427 and 4876 of the 
American Museum of Natural History and numbers 641 and 
642 of the University of Chicago, but concluded that the 
supposed sutures were fractures in the same place on each 
side. In the Crescent specimen, however, the sutures in this 
position are distinct and show feathering off of the squamosal 
and quadratojugal on top of the jugal. 


A New Cotylosaur from North Central Oklahoma = 38 


The parietals are large, rectangular bones that terminate 
posteriorly on top of the skull and not at the angle as in 
Labidosaurus and Dimetredon. Immediately posterior to these 
bones are the well-sculptured tabulars and supraoccipitals. 
These two bones were recognized in Labidosaurus by Williston 
(1910, p. 75), but they did not extend upward beyond the 
angle of the skull. Furthermore, in the Williston specimen the 
entire parietal was bounded behind by the supraoccipital and 
the squamosal by the tabulare. 

The Crescent specimen differs from Limnoscelis in many 
essential features, but is only slightly larger. The orbits of the 
latter are more elongate, and there are six. large, elongate, 
recurved rake-like teeth in the anterior part of the mouth, 
while there are only two in this specimen. In Limnoscelis, the 
stapes and postorbital slightly overhang the squamosal, while 
in L, meachami the posterior part of the skull forms an arc 
of a circle. 

Most of the comparisons above have been made with 
Labidosaurus, although there are many features of the Cres- 
cent specimen that are suggestive of Captorhinus. The general 
contours of the skulls of the two animals are similar. Both 
have hook-like anterior teeth. Both have batteries of short, 
peg-like teeth in the upper and lower jaws. Both have tiny 
teeth in about the same position in the roof of the mouth. 
But the great difference in the size of the two animals pre- 
cludes generic relationship. 

The generic name Labidosaurikos was given to the Crescent 
specimen because its general appearance is so much like that 
of Labidosaurus. The specific name, meachami, is in honor 
of Dean E. D. Meacham who has been consistently helpful to 
faculty and graduate students engaged in research at the Uni- 
versity of Oklahoma. 

During the past few years, three exceptionally large 
Permian vertebrates have been discovered in north central 
Oklahoma. The present specimen, L. meachami, is the largest 
captorhinid known to the writer. In a previous paper, the 
writer reported what appears to be the largest known American 
Permian reptile, and in January of 1948 he reported an 
unusually large embolomerous amphibian (Stovall, 1937, 1948). 

All of these specimens came from the same general area and 
within a few hundred feet of each other vertically. It has not 
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been determined whether there is any significance in this fact. 
Some possibilities suggest themselves. Can these excessive sizes 
be accounted for by special conditions that influenced the 
evolution of these animals, or may their large size be accounted 
for by the lingering on of favorable Permian habitats in this 
area? Cotylorhynchus romeri, the large reptile referred to 
above, appears to be the most recent of the Permian verte- 
brates. Since the area has not been completely worked, addi- 
tional exploration should prove profitable, especially if strati- 
graphic or paleontologic evidence can be found to correlate 
this area with the north Texas and southern Oklahoma region. 
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CLASSIFICATION OF SEDIMENTS 
JOSEPH M. TREFETHEN 


ABSTRACT. In this article tne grade scale tentatively in use by the 
Maine Geological Survey is presented and two new sediment classification 
triangles ure proposed. One of the triangles is for unconsolidated mixtures 
of sand, silt, and clay grades. The other is for consolidated sediments. 
No new terms are introduced but quantitative definitions of group limits 
are set by the fields of the triangles. 


ANY workers are concerned with sediments; the largest 

groups directly concerned are civil engineers, agron- 
omists, and geologists. To the civil engineer soil classification 
is not an especially pressing problem, for with the develop- 
ment of soil mechanics, it is now widely realized that the soil 
of each particular project may differ significantly in its 
properties from any other soil similarly classified from any 
other location; and that even within similarly classified 
soil groups of one narrowly restricted area, significant dif- 
ferences often appear. Nevertheless, classification of general 
soil types is often an engineering convenience, and engineers 
have proposed a number of elassifications (Casagrande, 1947). 
A few of these have been widely used. The agronomist, like- 
wise, feels the need of systematic groupingss and has con- 
tributed a variety of classifications. Geologists, also, have 
presented classifications of the regolith and its consolidated 
counterparts. Each of these three principal groups has 
different needs which are reflected in some of the classifications 
of each group. An engineering classification, based on responses 
to loading and stress, an agronomic classification based on 
soil profile development, and a geologic classification based 
on agent of deposition are examples of three points of depar- 
ture in classification. 

It is obvious that no single classification will embrace the 
needs of the several groups. Indeed, a single classification will 
not satisfy the requirements of all workers within any one 
group, or even of an individual, for different aspects are 
brought out by different classifications. 


UNCONSOLIDATED ROCKS 
One base for classification, common to all who deal with the 


regolith materials, is found in the size grades and their 
proportions which compose a consolidated or unconsolidated 
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aggregate. A classification based solely on mechanical makeup 
is unsatisfactory because it does not take into account genesis 
of the deposits, and because the physical properties of aggre- 
gates with similar mechanical analysis may differ widely. 
Hence superimposed on a grain size scale are various qualify- 
ing schemes adapted to specific ends. 

Four principal categories of particle size are commonly 
recognized: gravel, sand, silt, and clay. The numerical limits 
of these groups have been variously chosen, as shown by figure 
1 (cf. Leggett and Peckover, 1949, p. 135). The International 
Seale (Atterberg) has perhaps had wider adoption than any 
of the others, although the Wentworth Scale has been used 
by many geologists. The grade scales shown on figure |, 
except that of the Maine Geological Survey, divide gravel 


from sand at 2 mm., which is the ten mesh screen opening. 
To many geologists, however, sand includes material coarser 
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than ten mesh. Indeed, Wentworth recognized an intermediate 
size, granules, between gravel and sand. The American Society 
of ‘Testing Materials, however, limits gravel at four mesh 
(4.76 mm. opening), and this limit used in the various state 
highway testing laboratories has been adopted by the Maine 
Geological Survey. Most laboratory workers have found the 
two hundred mesh screen (.074 mm. opening) about the prac- 
tical limit of sieving because of the difficulty of cleaning fine 
mesh screens, and of maintaining uniform mesh openings in 
finer screens. The Maine Geological Survey, therefore has 
selected .O74 as the division point between silt and sand. 

As seen from figure 1, the line between clay and silt has 
been chosen at various sizes. Some geologists (cf. Shrock, 1948, 
pp. 123-124) even have advocated dropping the term clay 
as a particle size term. Because most unconsolidated aggre- 
gates of clay size particles, however, do have general group 
characteristics not shared with silts, probably many will not 
wish to abandon the term as currently used. However, the 
suggestion has much to commend it, and as applied to the 
naming of consolidated equivalents may well be followed. 

Field experience shows that most geologists call material 
clay that is coarser than laboratory limits set by some of the 
grade scales. A convenient reference point is .005 mm., which 
is the one used in the Maine Geological Laboratory. 

After the mechanical analysis has been made by screening 
and some supplementary technique to extend the sizing of 
particles beyond the practical limits of sieving (200 mesh), 
the data are conveniently plotted as bar graphs (histograms) 
or cumulative curves. Mechanical analysis is routine labora- 
tory procedure. It serves the purpose of discovering the 
mechanical composition of the sample, and supplies data 
from which a variety of inferences may be drawn. 

With the data of mechanical analysis assembled and the 
class limits for clay, silt, and coarser particles chosen, many 
plot the analysis on a classification chart. A convenient type 
of classification chart for geologic purposes is the familiar 
triangular diagram. Civil engineers and agronomists, as well 
as geologists have use for this type of classification diagram. 
The one most widely used is that of the United States Bureau 
of Soils (fig. 2). This classification is quite satisfactory, but 
has the disadvantage of introducing loam into the series. Loam 
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is defined by Webster as “a soil consisting of a friable mix- 
ture of varying proportions of clay, sand, and organic 
matter.” In this sense loam is widely known and sold all over 
the United States. Because of this general usage, engineers, 
agronomists, and geologists commonly consider the term unfor- 
tunately chosen to designate a mixture of definite proportions 
of clay, silt and sand which does not necessarily contain 
organic matter. There is, of course, no group of “loamstones” 
recognized by geologists. Further, the scheme is not easily 
retained in mind. 


CLAY 


Figure 2. Soils Classification Triangle (U. S. Bureau of Soils). 


A more recent triangular classification (fig. 3) devised by 
the U.S. Engineers of the Lower Mississippi Valley Division 
is better adapted to geological use. In this, loam does not 
appear. The divisions are not symmetrical, however, and some 
appear somewhat anomalous for a classification based on sand, 
silt, and clay proportions; thus by this diagram a material 
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classed as a “clay silt” might have more sand than silt, and a 
“clay sand” might have more silt than sand. 

In the course of research on sediments along the Maine 
coast, the new classification presented as figure 4 was devised 
by the writer. In this the triangle is divided into thirds, that 
is into clay, silt, and sand fields. These major divisions are 
symmetrically subdivided to accommodate mixed groups. The 
simplicity and symmetry of the subdivisions and of the nomen- 
clature are advantages of this system. This classification tri- 
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Figure 3. Soil Classification Triangle, U. S. Engineers, Lower Mississippi 
Valley Division (From Casagrande, 1947). 


angle is based on mechanical analysis of sediments. It does not 
attempt to incorporate such properties as plasticity, water 
content, or other engineering properties that are dependent 
only in part upon mechanical make up, which are often vari- 
able, and which in large measure depend upon the field state 
of undisturbed material. 
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For the classification of aggregates consisting in part of 
material retained on the four-mesh screen, it is necessary to 
modify somewhat the diagram of figure 4. By placing silt and/ 
or clay at one apex of the triangle, with sand and pebbles and 
coarser material at the other apices, the same divisions with 
appropriate modifications of nomenclature can be conveniently 
used. Thus a material may be called a boulder clay, cobbly or 
pebbly sand, or sandy silty gravel. 


¥ 
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Figure 4. Proposed Soils Classification Triangle. 


CONSOLIDATED SEDIMENTS 


The names of the principal consolidated sediments are well 
established. The three principal groups are sandstone, shale, 
and limestone. There are, of course, many gradations and 
rocks of intermediate composition. A convenient classification 
(Trefethen, 1947, p. 67) which introduces no new nomencla- 
ture but which defines quantitatively the rock classes com- 
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prised of these three principal sediments and their mixtures 
is given by figure 5. In this diagram the divisions of the tri- 
angle are similar to those of the triangle for the unconsolidated 
materials (fig. 4), and the naming of the subdivisions strictly 
analogous. The field of carbonate rock (limestone, dolostone, 
or magnesian limestone) has been restricted to include only 
rock 85 percent (or higher) carbonate in order to accord 
with the purity requirements of many commercial uses of 
limestone or dolostone. The names are in harmony with estab- 
lished geologic usage. 

Many sediments, of course, are not included in this simple 
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Figure 5. Classification Triangle for Sedimentary Rocks. 


1 —- limestone; 2 — sandstone; 3 — claystone, siltstone, or shale; 4 == sandy 
limestone; 5 — silty or argillaceous limestone; 6 — sandy, silty (or clayey) 
limestone; 7— calcareous sandstone; 8 — calcareous, silty (or clayey) sand- 
stone; 9==silty or clayey sandstone; 10== sandy calcareous claystone or 


siltstone; 11==sandy siltstone or claystone; 12-—caleareous siltstone or 
claystone. 
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scheme, but it does include the most abundant types and serves 
as a basis on which other classifications can be superimposed. 
This classification has the advantage of placing definite limits 
for the groups for which mechanical analysis can be con- 
veniently made by microscopic or other means. It also guides 


field nomenclature where approximations of mechanical com- 
position must suffice. 
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GEOLOGY IN TENTH CENTURY 
ARABIC LITERATURE 


RUSHDI SAID 


ABSTRACT. The Discourses of the Brothers of Purity, an Arabic 
classic written in the tenth century in Basra, includes remarkably modern 
geological ideas. An excellent and perfectly acceptable metamorphic cycle 
is described. The Discourses also contain the earliest known mention of 
peneplanation, pond evolution, epicontinental seas, weathering, and ero- 
sion and transport by streams and the wind. 


agp my attention was drawn to some remarkably 
modern geological ideas in the classical Arabic work “The 
Discourses of the Brothers of Purity,” the lautern Briider of 
the German orientalists (IJkhwan es Safa). This work was 
written in Basra by a group of unknown scholars and intel- 
lectuals. According to most recent researches, it is almost estab- 
lished that the work was written between the years 941 and 982 
A. D. (Disouki, 1947). This work has long been one of the 
standard classical works of the Arabic language studied in 
orthodox centers of learning as a piece of Arabic literature and 
a good sample of Arabic rhetoric and composition. 

The Discourses is a voluminous work of four volumes which 
consists of separate discussions of “mathematical, physical, 
psychological, and metaphysical subjects” (vol. I, p. 2).1 In 
its treatment of wide and varied fields of knowledge, the work 
differs but little from other works of the Middle Ages of early 
naturalists and scholars in Europe. It does differ, however, 
in containing a relatively larger amount of reasoning and 
smaller amount of fancy. 

The work has received attention among modern orientalists 
and ““Morganland” enthusiasts and parts of it have been trans- 
lated into various European languages. It was commented upon 
in the excellent treatise of Dieterici (1881), with a good essay 
of the philosophy of the Arabs at that period. Dr. Dieterici 
(1879) has edited and translated the zoological part of it 
into German. Dr. Dowson (1869) has translated the same 
part into English from a Hindustani edition. 

It is unfortunate that this part, which is the poorest and 
most fantastic of the whole work, was chosen for translation, 
whereas the other important parts were not translated, and 
hence did not find their way to the intellectual Westerner. 

‘Ikhwan es Safa (in Arabic) Bombay, 1305-1306 Hegira. 
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It became almost a tradition among writers on the history of 
science to mention scantily, hastily and with little appreciation 
the contributions of the Arabs, a tradition which probably had 
its origin in the days when feuds were continuous between 
“East” and “West.” As far as the writer is aware, no mention 
of the Discourses has been noticed in any treatise on the history 
of science. Zittell (1899) devotes a few lines to the contribu- 
tions of the Arabs and mentions Avicenna and Avirros. Adams 
(1938) also mentions Avicenna in several parts of his book 
but does not attempt to go further. Nordenskidld (1944) 
devotes a chapter to the “Biological Sciences among the 
Arabians” in his book. He lists certain important works, but 
fails to mention the Discourses. 

The Brothers of Purity were apparently a group of intel- 
lectuals who decided to “examine all the bodies of the world, 
to search for their beginnings, the reason for their existence 
and their organization, and to decipher the relationships 
between their effects and causes” (vol. I, p. 126). Appearing 
at a period of political unrest and corruption, the Brothers 
belonged to the Shiah, a minority in the Abbaside Empire 
which was dominantly Sunna. They antagonized the ruling 
circles and challenged their rule. This was the reason why they 
kept their organization secret and their writings concealed. 

In their Discourses the Brothers mention frequently and 
with great admiration the Greek philosophy believing that 
“when Moslem theology is supplemented with Greek philosophy, 
perfection occurs” (vol. I, p. 24). The whole work was written 
in an atmosphere of extreme liberty and with a mind that 
is neither restricted by theological belief nor bound by tradi- 
tion. In their discourse on geography their imagination and 
deduction goes so far as to speak of the continents as floating 
over the ocean “as an egg immersed in water” (vol. II, p. 51), 
thus crudely foreshadowing the modern idea of isostasy. 

The following is my translation from the Arabic edition of 
1305-1306 Hegira published in Bombay, vol. Il, pp. 63-64. 

“and know ye my brethren that the seas are like the swamps 
on the surface of the earth, and that mountains are like the 
bergs that separate the seas from each other, so that the whole 
surface of the earth is not covered by water. If there were 
no mountains on the earth’s surface, and its face were rounded 
and smooth, the sea water would extend over the earth’s face, 
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covering it completely as the atmosphere covers the whole 
earth, which would then be a sea. But the merciful care of God 
and his divine wisdom saw to it that parts of the surface of 
the earth were uncovered so as to be the habitation of the land 
animals, grass, trees, and crops, as these latter constitute the 
food of the animal and the substance of his body, and this is 
the prudence of the Dear and the Omnipotent. 

“And know ye my brethren, that all valleys and rivers 
begin from mountains and hills, run in their courses and 
finally flow to the seas, swamps, and lakes. The excessive heat 
of the sun, moon and stars ‘through the long ages and times 
will dry the moisture of the mountains increasing them in 
solidity and hardness. Then the mountains will break and dis- 
integrate, particularly during storms, becoming boulders, 
pebbles and sands. The rain torrents will bring these pebbles 
and sands to the bottoms of the valleys and rivers and carry 
them, by their strong flow, to the seas, lakes, and swamps. The 
sea, because of its strong waves and great turbulence, will 
distribute these sands, muds and pebbles along its bottom, 
layer above layer, through the passage of time and ages. 
These will accumulate one above the other and harden, and 
then mountains and hills will rise from the bottom of the sea, 
as sand dunes in the deserts accumulate by the action of wind. 

“And know ye my brethren that when the sea becomes closed 
because of these mountains and hills which we mentioned 
originating on their bottom, the water rises and extends over 
the coasts to the prairies and open land which are thus covered 
by water. This will go on through the passage of time, until 
the place of the prairies becomes the site of the sea, and the 
place of the sea becomes land. Then again the mountains dis- 
integrate, becoming boulders, pebbles and sands, which mate- 
rial will be brought to the valleys by the action of rain. The 
rivers, by their flow to the sea, will carry and settle them on 
the sea bottom as we mentioned. The high mountains will thus 
be lowered until they will be levelled with the surface of the 
earth. The hardening of the sands and muds at the bottom of 
the sea will cause mountains, hills and dunes to form. The water 
then drains away from that area until these mountains appear 
and the hills are revealed, becoming islands and prairies. The 
remainder of the water remains in the lower places as lakes, 
lagoons, and swamps in which bamboos and weeds will grow. 
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The torrents will continue carrying the sand and mud until 
these places become dry. Trees, bushes, and grass will grow, 
and the place will become the home of lions and wild animals. 
People will go to it for timber, game and other things. Later 
these places become the sites for agriculture and crop growing. 
Villages and cities will develop and people will live there.” 

Again it must be emphasized that these ideas were written in 
the tenth century, some six hundred years before any specula- 
tion of a similar kind in Europe. Most remarkable is the fact 
that this is one of the earliest records, if indeed not the earliest, 
in which the idea of the inundation of the land by the sea is 
arrived at by pure logic rather than by assuming it from the 
finding of fossil shells in the interior—a line of reasoning 
which did not enter geological science until relatively recently, 
in fact as recent as the nineteenth century. The idea of pene- 
planation is beautifully set forth and outlined and seemingly 
is recorded for the first time in the history of geology. The 
next known reference to the peneplain is in Hutton’s “Theory 
of the Earth,” eight hundred years later. The evolution of 
the pond is remarkably modern and completely acceptable. 

Although many of the Arab works were translated into 
Latin in the twelfth and thirteenth centuries, by order of cer- 
tain European monarchs, the Discourses’of the Brothers of 
Purity remained unknown to Western scholars until relatively 
recently. 

it should be remembered that the Brothers movement has 
influenced tremendously Arab thinking for many centuries, 
and they must receive credit for paving the way for the great 
Arab thinker, Avicenna. 
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Sweeper in the Sky: The Life of Maria Mitchell, first woman 
Astronomer in America; by Heten Wricut. Pp. vii, 258; 3 figs. 
New York, 1949 (The Macmillan Company, $4.00).—The first 
woman astronomer in the United States, Maria Mitchell, emerges 
in this biography as a woman with a strong personality and impres- 
sive accomplishments in different fields. Her discovery of a comet 
in 1847 brought her international fame, and focussed the atten- 
tion of many on her intellectual qualities. These included the 
ability and perseverance necessary to acquire with little formal 
education a high degree of competence in astronomy and mathe- 
matics that qualified her to be first computer for the Nautical 
Almanac Office, and later professor of astronomy and director of 
the astronomical observatory of Vassar College at its founding in 
1865. At Vassar College she proved herself a teacher of excep- 
tional ability. 

Her early life on isolated Nantucket Island in surroundings of 
rigid Quaker discipline and her active leadership in the woman’s 
rights movement during the last twenty years of her life are 
important parts of this biography. Of interest also are the quota- 
tions from astronomical note books of Maria Mitchell which illus- 


trate her keenness as an observer and as an interpreter of astro- 
nomical observations. 6ome of these observations appeared in Tue 
American JouRNAL oF Science in the years 1863-1879. 
Notwithstanding earlier destruction of important source material, 
the author has written an admirable biography based on first-hand 
information collected in numerous centers, DIRK BROUWER 


Principles of Mechanics; by Joun L. Synae and B. A. Grirrita. 
New York, McGraw-Hill Book Co., pp. 530 + xvi. Second edition, 
1949.—The first edition of this successful text appeared in 1942. 
There have been but a few changes for this second edition. Among 
the new features are a complete revision of the treatment of a 
charged particle in an electromagnetic field and a greater emphasis 
on units and dimensions. The book consists of two parts of about 
equal length. Part I covers plane statics and dynamics and is a 
complete text in itself. Part II treats mechanics in space, with 
chapters on Lagrange’s equations and on the special theory of 
relativity. A logical, modern touch is a section on electron optics. 

This is obviously a book written by mathematicians, not engi- 
neers. There are numerous problems, but only a few are numerical, 
and practical engineering units are not employed. Also, physicists 
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and engineers in this country commonly use F, a and wv for force, 
acceleration and velocity rather than the P, f and q found in this 
text. 

The coverage of the subject of analytical mechanics in this book 
is quite complete and with the use of a wide range of mathematical 
methods. Before tackling it the reader should have a fair knowledge 
of the calculus, elementary differential equations and analytical 
geometry. The qualified, interested student will obviously be well 
grounded in the subject after intensive study of this book. 

WILLIAM W. WATSON 


Dissociation Energies and Spectra of Diatomic Molecules; by 
A. G. Gaypon. New York, John Wiley & Sons, 1947. Pp. 239 + xi. 
39 figures and + plates. $5.00.—The dissociation energies of di- 
atomic molecules can be determined with great precision by spec- 
troscopic methods. These energies are of importance for the chem- 
ist, for by combining them with thermochemical measurements the 
heats of formation of polyatomic molecules can be calculated and 
the strengths of various chemical bonds:are made known. 

This book, written by an investigator who has contributed much 
to the proper analysis of many molecular spectra, is a rounded 
account of the modern quantum mechanical theory relevant to the 


determination of dissociation energies. There are also chapters on 
the measurement of these energies by thermal methods and by con- 
trolled electron impact. In the last chapter numerical data are col- 
lected for about 250 diatomic molecules. The table of references’ 
seems to be complete. This is certainly an authoritative, well-written 
reference book on a subject of fundamental importance in chemistry. 


WILLIAM W. WATSON 


Radioactive Measurements with Nuclear Emulsions; by Herman 
Yacopa. Pp. x + 356, 48 plates, 27 figures. New York, 1949 (John 
Wiley & Sons, Inc., $5.00).—-Dr. Yagoda has chosen to survey a 
field which is presently in a state of most rapid development. Such 
a situation provides an author with the opportunity so to present 
the classical work, as greatly to stimulate his readers, most es- 
pecially those in fields to which the developments in question are 
only just penetrating. In this respect, Dr. Yagoda appears to have 
been eminently successful. Undoubtedly some of this stimulation is 
the inevitable result of drawing together and critically evaluating, 
related studies from so many different fields, but one feels that 
most of the credit is due to the author's thorough first-hand 
familiarity with most phases of his subject and to his very pleasant 
presentation. 
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The technical descriptions, while seeming in some cases unneces- 
sarily elaborate, are very clear, and will be welcome to beginners 
in each field. The illustrations, though by no means over numerous, 
are well chosen, and appear well produced. While no section will 
prove profitless to any reader planning work with radioactivity, 
the section on reactions of emulsions seemed to this reviewer espe- 
cially well done, as well as being outstandingly timely for workers 
in autoradiography. 

It seems, in view of all this, ungrateful to discuss what seem to 
be mistakes of omission, and the author has further disarmed the 
reviewer by stating in his preface that ‘an expert . . . will doubtless 
feel that his . . . specialty has been presented in a most elementary 
fashion.” In two cases, however, the opportunity has been neglected 
for detailed consideration of techniques which have tremendous pos- 
sibilities for the future. One of these is the study of electron tracks, 
which are of great importance to workers with B-ray producing 
isotopes, and about which the physicists must have a great deal of 
isolated data, both from cloud chamber and photographic study. 
In the other, this reviewer was disappointed by the very brief 
reference to the use of radioactivity as a tool in chromatographic 
separations. We might well have been treated to a thorough dis- 
cussion of the extraordinary sensitivity which this aspect of radio- 
chemistry provides, as well as to a discussion of the comparative 
promise of photographic and counter methods of analyzing the 
radioactive spots or bands. It seems evident that photographic 
localization will permit revelation of as few as 10° molecules where 
labeled with short half-life tracers. Since subsequent discussions 
indicate familiarity with Leblond’s technique of integral section and 
emulsion mounting, and since Evans’ method may be taken as a 
direct adaptation of Yagoda and Endicott's contribution to the 
achieving of intimate permanent contact between section and emul- 
sion, it is strange that these methods for 8-particle autoradiography, 
are not discussed on a plane with the much less sensitive and pre- 
cise, contact or focussing methods. It appears not at all uncommon 
to achieve 4 localizations by either Leblond’s or Evans’ methods, 
using suitable emulsions, grain size being the limiting factor. 

A very small number of actual errors of fact, must also be noted. 
On page 6, the statement is made that “‘optical-type emulsions . . . 
do not record individually resolvable tracks,” when already citation 
has been made of numerous early demonstrations of alpha tracks, 
recorded on what must be considered optical type emulsions. On 
page 218, the statement is made that “in genera] ... the difference 
in mass between tracers and stable atoms is less than 1 per cent,” 
whereas the most casual examination of table 24 on the facing page, 
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shows that lanthanum 140 is the lightest element cited, of which 
this statement is true. This discussion would also have profited 
greatly from a reference to the rapidly accumulating body of in- 
formation on the quantitative mass effects to be expected in bio- 
logical and chemical use of tracers. 

On page 20 the statement is made that “‘of the synthetic radio- 
active isotopes only those of the transuranium elements emit alpha 
particles.” This cannot be considered an accurate preliminary to 
the discussion on page 205, of the tracer studies with astatine. 

Such criticisms will serve only to emphasize the fact of the gen- 
eral excellence of this book which will prove a constantly useful tool 
in the hands of physicists, chemists, mineralogists, engineers and 
biologists. Vv. T. BOWEN 


Carotinoide; by Paut Karrer and Ernst Jucker. Pp. xii, 388. 
Basel, 1948 (Verlag Birkhauser, Swiss Francs: 43.-). More than 
twenty-five years have passed since the first appearance of Palmer's 
classical monograph on carotinoids and related pigments. Since then 
the study of these important pigments has undergone a phenomenal 
growth which brought with it the elucidation of the structure of 
most of the known carotinoids and the beginning of an under- 
standing of their biological significance. A wealth of information 
has been presented in scores of publications, an “embarrassement 
de richesse,’ which has left the non-specialist frequently bewildered 
and discouraged. 

Specialists and non-specialists alike owe a debt of gratitude to 
the authors of the present book, which presents an intelligent, 
up-to-date survey of this important field in a logical and eminently 
readable manner. The chemists will appreciate the chapters devoted 
to the chemistry of these compounds, to the elucidation of their 
structures, to the relations between color and constitution and to 
the numerous discoveries of general interest which are the by- 
products of such studies. They will share the regret of the authors 
that the manuscript was completed just prior to the adoption of 
a new nomenclature for carotinoids. 

It would be a mistake to regard this book as one written pri- 
marily for chemists. Any biologist interested in biochemical rela- 
tionships will want to see this book on his reference shelf. He 
will find in it a most extensive survey of the occurrence of carotin- 
oids in plants and animals. The magnitude of this survey is best 
illustrated by the fact that the special index of names of plants and 
animals contains more than thirteen hundred items. In surveying 
critically such wealth of information an interested biologist might 
well discover biochemical relationships which have so far been 
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overlooked. In case the reading of the pertinent chapters should 
awaken in him the desire to carry out studies in this field, he will 
find the necessary techniques adequately described. The numerous 
colored plates illustrating the color and shapes of carotinoid crys- 
tals and the wealth of absorption spectra should prove to be 
of invaluable aid to him in the identification of the products isolated 
from biological material. 

The book is handsomely bound, and the quality of the paper 
and printing is excellent. It is a book which many a scientist, once 
he has seen it, will want to possess. WERNER BERGMANN 


Natural Products Related to Phenanthrene; by Louis F. Fireser 
and Mary Fieser with a chapter on the stereochemistry of the 
steroids by Ricuarp B. Turner. Pp. xii, 704. Third edition, A .C. S. 
Monograph No. 70, New York, 1949 (Reinhold Publishing Corp., 
#10.00).—-The present monograph represents a greatly enlarged 
and revised issue of the previous editions |for the reviews of those 
editions see This Journat, vol. 32, [5], p. 73 (1986), vol. 83 [5], 
p. 476 (1987)]. This edition has eliminated certain sections and 
chapters such as the chemistry of phenanthrene itself, carcinogenic 
hydrocarbons and triterpenoid sapogenins which appeared in the 
earlier editions and brings together under one cover an up to date 
and comprehensive survey of the natural products of the hydro- 
phenanthrene series. 

The book is divided into ten chapters, the last eight of which 
are devoted to the steroids. Chapter I deals with the naturally 
occurring phenanthraquinone pigments and the opium alkaloids, 
while Chapter II reviews the chemistry of the resin acids and the 
methods of synthesis of the alkylphenanthrenes. 

The subseque nt chapters lead the reader into and safely through 
that complex, vast and formidable maze of accumulated informa- 
tion that constitutes the present knowledge of the steroids. The 
authors deserve the highest commendations for the organization, 
conciseness and clarity with which each argument is presented and 
developed, and which could have resulted only from the perfect 
blending of a remarkable talent for writing, a profound knowledge 
of the literature and from their own experimental researches in 
the field. Moreover, Professor Fieser does not limit himself to that 
which is presently in the literature, but includes his own stimulating 
speculations on numerous, yet unsettled problems. Thus, for exam- 
ple, he proposes a revision of the structure of the toad poison 
bufotoxin and presents some very attractive evidence in its support. 
Of particular value are those sections which present the application 


of spectroscopy and optical activity in the elucidation of structural 
details. 
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Though the work is addressed primarily to the organic chemist, 
it should prove invaluable to the biochemist and the medical re- 
search worker as well, since the physiological action and metabolism 
of the important steroidal vitamins, hormones, cardiac active prin- 
ciples and alkaloids are generously reviewed. The monograph is 
replete with references through November 1, 1948, and to some 
papers that are still in press. Physical constants are reported for a 
total of 672 compounds, and in many cases yields and reaction con- 
ditions are indicated. The book is singularly free of typographical 
errors, this reviewer having found but four very minor errors. 

ALFRED H. FRYE 


Biochemical Evolution; by Manrcet Frorktin. Pp. vi, 157; 25 
figs. New York, 1919 (Academic Press, Inc., $4.00).—In this book 
Marcel Florkin has gathered together a vast amount of information 
which demonstrates quite clearly that there exists a biochemical 
differentiation in animals in many ways as distinct as but closely 
related to, morphological differentiation. He discusses adaptations 
and variations of many biochemical systems, but places special 
emphasis on respiratory function and osmoregulation. The section 
entitled “domain of glucemia” is especially well presented as are 
the other sections dealing with Florkin’s own work. 

It is unfortunate that the book is not well organized and at 
times difficult to follow, but biochemists and biologists will find it 
interesting reading. Much of the material is otherwise accessible 
only with difficulty and many of the conclusions are very fascinating. 

EVA M. LOW 


The Ocean (F. D. Ommanney, Oxford University Press, 1949, 
238 pp.) is intended primarily for the general reader but is suf- 
ficiently detailed to provide background information for specialists 
in other fields of science. It is principally a book on marine biology, 
with chapters on plankton, the life of the sea shore, the bottom 
fauna of the continental shelf (and coral reefs), the animals and 
bottom deposits of the great depths, fisheries, and whaling. There 
is a brief preliminary outline of the nature of the ocean basins and 
of the general subject matter of physical and chemical oceanog- 
raphy and a final chapter of instruments and methods. Ommanney 
is authoritative in describing the animals and plants of the sea and 
their life habits. He is less secure in matters of physiology, popula- 
tion dynamics, and physical and chemical oceanography. The result 
is a curious compilation containing errors, misleading phraseology, 
and some poor judgments on controversial subjects. This is a 
minor criticism in that the objectionable part of the book is a 
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small fraction of the whole, but it is unfortunate that the author 
permitted himself a wider scope than his capabilities warranted. 
The Ocean is similar in approach to an earlier book, The Seas by 
Russell and Yonge, that is generally regarded as the oceanographic 
classic for the popular reader. Ommanney's book has the obvious 
advantage of including some recent findings, but it is vastly inferior 
to the earlier work in readability and accuracy. GORDON A. RILEY 


Das Geheimnis der Kristallwelt; by H. Tertscn. Pp. 391; 12 
plates; 48 figs. Vienna, 1947 (Gerlach and Wiedling). This ex- 
ceptionally well-indexed history of the development of physical 
mineralogy and crystallography should find a warm welcome in all 
mineralogical libraries, and in the libraries of all others interested 
in the development of the physical sciences in general. The author 
enthusiastically describes mineralogy as the mother of practically all 
the natural sciences, responsible either directly or indirectly for 
many of their fundamental advances. The names crystallography 
and mineralogy are used almost interchangeably throughout the 
book, though the meaning is usually restricted to physical miner- 
_ alogy. Systematic mineralogy and other branches of the science 
are covered briefly, but the principal emphasis is always on min- 
eralogical crystallography in the broadest sense. The treatment of 
the development of optics, crystal morphology, crystal structure, 
and certain fields of modern physics basic to these, is complete. 
Names of many great physicists are brought into the discussion 
and their contributions outlined, always in relation to the crystal- 
lographic theme of the book. An interesting and effective device is 
the printing of all important names in large capital letters. Scarcely 
a page can be found without several; 28 pages of indices help to 
locate both names and subjects easily. The reviewer is particularly 
grateful for the thorough indexing of this book, for its usefulness 
as a reference is thereby greatly enhanced. HORACE WINCHELL 


Physical Geology; by Curster R. Knopp, and 
Ricuarp F. Fiint, 38rd Ed. Pp. xv, 602; 365 figs. New York, 1948 
(John Wiley and Sons, $5.00).—-The first and second editions of 
Physical Geology are very well known and have been widely used 
as textbooks in many American colleges and universities. The third 
edition, while inproved by many new illustrations, one new chapter, 
and revisions of parts of many chapters, is still essentially in 
major organization and form of treatment, the same bock, so well 
known to most teachers of geology. 

To acquaint beginning students “with the major goals, the meth- 
ods, and basic outlines of a vast and unfamiliar field of knowledge” 
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the authors have added a new unit, Chapter 2, on the method and 
scope of geologic study, a highly desirable addition. While the 
relations between internal and external forces of the earth are 
briefly discussed and the concept of geologic time is introduced, 
methods of obtaining geologic data are not fully explained. A more 
complete comparison between the methods of the various sciences 
would be helpful. One of the distinctive features of geology which 
should be pointed out is the importance of spatial relationships and 
the use of maps to express them. Much of physics and chemistry 
is expressed in the symbolic language of mathematics, whereas in 
geology cartographic symbolism is the medium used to express 
surface forms, the distribution and structure of rocks, and paleo- 
geography. If maps, sections, and block diagrams represent the 
chief media to express geologic relationships this is important and 
should be emphasized early in a student's acquaintance with the 
subject. 

Changes have been made in almost every chapter, only a few 
of which can be mentioned here. The relation of velocity to erosion 
and transport has been restated (pp. 78-79) but ambiguity still 
remains since velocity is not defined and it is apparently used in 
two senses, for, as Quirke’ has pointed out, velocity in the Chezy 
formula, V B\/rs,, is that of the unencumbered stream and, as 
Rubey* has emphasized, the diameter of the largest piece of rock 
the stream can push along its bed is a function of the “bed” velocity. 
In this section a graph showing a typical vertical velocity curve 
would be helpful. Several new diagrams after Bagnold (p. 211) 
illustrate the formation of sand dunes. A new section of Chapter 
19 outlines a possible history of mountain ranges including the for- 
mation of a batholith by remelting in the lower part of the thick- 
ened shell. The possible relationship of island arcs to mountain 
building is not mentioned. The important material on minerals, 
rocks, and maps in the appendices seems not to have been altered 
significantly. Many new titles appear in the lists of reading refer- 
ences at the end of the chapters. 

The stimulating conferences in the training of geologists held 
under the leadership of Professor Longwell at various society meet- 
ings of recent vears attest to the fact that geologists everywhere are 
reappraising the teaching of geology. At the same time at many 
colleges the teaching of science for the general student has been 
reviewed. The following general comments and questions are in part 


*T. T. Quirke, 1945. Velocity and load of a stream: Jour. Geol., vol. 53, 
p. 181, 


*W. W. Rubey, 1938. The force required to move particles on a stream 
bed. U.S.G.S. Prof. Paper 189-E, p. 121. 
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stimulated by some of these conferences and discussions and are of- 
fered even though they apply no more to this book than to other 
textbooks in geology and if they are valid criticisms indict the 
teachers (including most definitely this reviewer) as well as the 
textbooks. The sciences of physics, chemistry and biology have met 
at the atom and, perhaps as a result, a large body of common ma- 
terial is included in modern elementary textbooks of both chemistry 
and physics. Some biology texts also include fairly extensive sum- 
maries of fundamental physics and chemistry. No trend toward 
the other sciences is evident in the geology textbooks. It is true 
that many terms and laws of physics are used or referred to but 
they are rarely defined. Geology as represented by its beginning 
textbooks seems to have moved away from the use of mathematics 
and of graphs. Many relationships explained in words could be 
better shown graphically; for example, vertical and horizontal dis- 
tribution of velocity in streams, relation of temperature to depth, 
and effect of pressure on melting points of rocks. (Photographs 
however have both increased in number and vastly improved in 
quality in the last twenty-five years.) Few beginning textbooks of 
geology reflect in their discussions of minerals the revolution in 
mineralogy since the widespread use of X-rays. If physical geology 
is, as many say it is, the application of the principles of physics 
and chemistry to the Earth, should not a beginning textbook state 


those principles and indicate clearly where they apply to geology. 
JOE WEBB PEOPLES 


Historical Geology; by Cant O. Dunsan. Pp.xii, 567; profusely 
illustrated. New York, 1949 (John Wiley and Sons, $5.00).—This 
book presents an authoritative and well documented, lavishly illus- 
trated story of earth history written in clear and vivid language 
by one of the masters of historical geology. To quote its author, it is 
“a successor to, and an outgrowth of, the Tezrtbook of Historical 
Geology by Schuchert and Dunbar.” Although it preserves the same 
point of view and in general the same organization as its predecessor, 
it is in several important respects a different and improved work. 

The book is divided into five parts: I. Prologue, II. Before the 
Cambrian, III. The Paleozoic World, IV. The Mesozoic World, 
and V. The Modern World Unfolds. At the end of the book is an 
appendix: An Introduction to Animals and Plants, which will be 
helpful to students in their laboratory work on fossils, and an ade- 
quate index. 

The text, which has been largely recast, in part to take account 
of advances in knowledge, speaks more clearly and dramatically than 
the old. The illustrations have been greatly improved by increasing 
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the size of the paleogeographic maps, introducing many large “bleed 
cuts,” and replacing some seventy figures with new photographs and 
drawings. References and collateral reading lists have been carefully 
revised to include the most recent publications. An especially com- 
mendable feature is the addition of numerous foreign examples and 
references which give the new text a more international character 
than that of its predecessor. 

As would be expected of Professor Dunbar, this book, like its 
several predecessors, strongly emphasizes the biological side of his- 
torical geology, perhaps to some extent at the expense of other 
aspects. However, there are abundant paleogeographic and geologic 
maps and geologic cross sections, considerable emphasis on strati- 
graphy, adequate discussions of orogenies, and brief references to 
economic products. One prominent omission, that of the dozen cor- 
relation tables appearing in the older volume, seems fully justified. 
These were omitted because they were felt to be too technical for 
the student and inadequate for the teacher. Those teachers who 
desire the details of correlation can secure them from the several 
charts that have been issued by the Committee on Stratigraphy of 
the National Research Council. 

Exceptionally useful to both student and teacher are fifty or 
more geologic sections and some twenty-five thumbnail geologic 
maps. Most of these appeared in the previous volume but they 
have been redrawn in many cases and are sharper and more legible 
in the new book. Noteworthy are those showing deltaic complexes 
and regional lithological variations. There is a wealth of lantern 
slide material in these drawings and no doubt they will be ex- 
ploited for this purpose. 

The thirty-eight new paleogeographic maps, based on Professor 
Schuchert's latest unpublished work, are more than twice as large 
as those used in the earlier volume and are a vast improvement. 
Discerning readers will note that the lettering and other symbols 
on these are now clear and legible and will probably smile indul- 
gently at the wind-swept clouds that so strategically cover areas of 
uncertainty. 

The seventeen plates of invertebrate fossils bring together for 
convenient reference and comparison the more common and char- 
acteristic genera of the Paleozoic and Mesozoic rocks. These are 
apportioned as follows: Cambrian (3), Ordovician (2), Silurian 
(1), Devonian (2), Mississippian (1), Pennsylvanian (1), Permian 
(2), Triassic (1), Jurassic (1), and Cretaceous (3). The plates are 
supplemented by a host of text figures. Unfortunately for the stu- 
dent there are no plates and almost no text figures of Cenozoic inver- 
tebrates—an omission that might mislead the student into assuming 
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that “the time of the great dying,’ as Walther called the close of 
the Cretaceous, marked the finish of most of the invertebrates. The 
great variety and abundance of Cenozoic protozoans, reef corals, 
echinoids and mollusks is thus little emphasized, whereas the ver- 
tebrates receive what some may consider an unusually large amount 
of attention. 

This reviewer was pleased to find that the author retained the 
pictures of Smith, Murchison, Lyell, Logan, Chamberlin and 
Walcott. These bewhiskered gentlemen serve to remind us that some 
of the fundamental principles of geology were formulated by in- 
vestigators who, lacking modern instruments and devices, used their 
legs and imagination instead. 

Historical Geology will be welcomed by students and teachers 
alike, and intelligent laymen will find the story of earth history so 
vividly and clearly set forth that they can grasp the essential points 
readily. Professor Dunbar is to be congratulated for an excellent 
work and the publisher is to be commended for a product of the 
highest quality. ROBERT R. SHROCK 


Landscape, As Developed by the Processes of Normal Erosion; 
by C. A. Corron. 2d Ed. Pp. 509; 375 figures. Christchurch, New 
Zealand, 1948 (Whitcombe and Tombs, Ltd.).—-The appearance of 
a second edition of Professor Cotton's excellent treatise, first pub- 
lished in 1941, should be a source of gratification not only to its 
author but also to all those who have found in the book a lucid and 
comprehensive treatment of the sculpture of the land by streams 
and processes of mass-wasting. 

An able and admiring follower of W. M. Davis, Cotton has set 
forth in systematic fashion the facts and theories of this central 
aspect of geomorphology, illuminating them with the results of a 
lifetime of observation and study. Taken together with its com- 
panion volume, Climatic Accidents, this book constitutes the most 
extensive general work on geomorphology in the English language. 

Although written by a geologist who has spent most of his active 
professional life in New Zealand, the volume is not insular in its 
approach. On the contrary it draws its literature, its examples, and 
its illustrations from all the continents of the Earth, and can be 
as useful in Britain or North America as in tiie antipodes. 

The general organization of the Second Edition is much like that 
of the First, but the discussion has been considerably amplified 
and the overall length increased. The paper and halftone illustra- 
tions have been vastly improved, thanks no doubt to the ending 
of wartime restrictions, and the landscape sketches and block dia- 
grams for which the author is deservedly famous are present in 
satisfying quantity. 
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Not only the advanced special student but the geologist whose 
interests are more general will find this a very useful book, for, 
as Cotton truly says in the preface, “a reasoned understanding of 
geomorphic processes is a necessary part of the equipment of a 
geologist for the interpretation of geological history.” 

The close reader of the book will find that statement amply 
justified. RICHARD FOSTER FLINT 


The Importance of Upwelling Water to Vertebrate Paleontology 
and Oil Geology; by MarcaretHa BronGersma-Sanpers. Verh. 
konkl. Nederlandsche Akad. v. Wetenschappen afd. Natuurkunde, 
Vol. 45, No. 4, pp. 1-112, 7 text figs. Amsterdam, 1948.—In spite 
of its eryptie title this volume is packed with almost dramatic inter- 
est for stratigraphers as well as for paleontologists and petroleum 
geologists. It is concerned with the phenomenon of mass destruction 
of marine life such as that which occurred at Walvis Bay, South 
Africa, in 1943, and with its underlying causes and its effects on 
the bottom sediments. 

The mass destruction at Walvis Bay occurred during a 3-day 
period in January, 1943, when fishes died and drifted ashore in 
almost incredible numbers. Such destruction has occurred repeat- 
edly along this coast, commonly at intervals of a few years. Investi- 
gation of the shallow sea floor has revealed a so-called azoic zone 
along this coast in which the bottom sediment is greenish mud rich 
in H.S gas, and in which there is almost no bottom-dwelling life 
except anaerobic bacteria. This zone is 25 to 30 miles wide, reach- 
ing from near shore out to a depth of nearly 500 feet, and it 
stretches for some 200 miles along the open coast south of Walvis 
Bay. Some previous students have believed that the periodic mor- 
tality to fishes in the overlying water is the result of liberation of 
the H.S gas from the bottom sediment, but the author thinks this 
is a result rather than a cause of the mortality which she believes 
is due to toxic products in the water resulting from excessive 
growth of dinoflagellates, such as the one which produced the “red 
tide”’ along the west coast of Florida in 1945. 

Such epidemics of dinoflagellates, she shows, depend on a rich 
supply of some of the minimal food elements in the sea, and upon 
relatively high temperature and quict weather. These conditions are 
produced occasionally in the summer months along subtropical and 
warm temperate coasts where upwelling currents bring rich food 
supply to the surface. It is then that outbursts of dinoflagellates 
lead to mass destruction of marine life so that fishes and other 
organisms accumulate on the sea floor in vast numbers where there 
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are no scavengers or other benthonic organisms except the anaerobic 
bacteria that produce H,S gas to keep the bottom muds poison 
and lifeless. It is important to note that the azoic zone along the 
west coast of South Africa is not landlocked nor separated by any 
physical barrier from the normal sea floor. 

Upwelling currents produce optimum conditions for the growth 
of diatoms which, however, thrive in water somewhat cooler than 
that required by the dinoflagellates, and the bottom mud of the 
azoic zone is practically a diatomaceous ooze. Only an exceptional 
combination of a stretch of hot, quiet days in the midst of summer 
is able to tip the scales in favor of a sudden florescence of dino- 
flagellates. It is suggested that the diatomaceous shales of Cali- 
fornia were produced under conditions somewhat like that of the 
azoic zone along the west coast of South Africa, and that the occa- 
sional mass destruction of fish and other pelagic organisms provided 
important source materials for petroleum. CARL 0, DUNBAR 


Eocene Stratigraphy and Foraminifera of the Aquia Forma- 
tion; by Exvaine Suirrcetr, Dept. of Geology, Mines and Water 
Resources, State of Maryland, Bull. 3. Pp. IX + 93, 5 plates, 
21 figs. Baltinicre. 1948.—In its outcrop the Eocene series in 
Maryland rests on the Cretaceous and is succeeded by Miocene 
beds. Here it consists of 2 units, the Aquia formation of Wilcoxan 
age and the succeeding Nanjemoy formation of Claibornian age. 
Down dip, however, fossils recovered from wells 50 to 75 miles 
farther east have indicated an absence of botli these formations and 
the presence of Paleocene and Jacksonian Eocene beds between the 
Cretaceous and the Miocene. 

In order to understand this peculiar relation Miss Shifflett 
made a detailed study of the formaninifera in the outcrop belt 
of the Eocene and in the samples logged from numerous wells in 
eastern Maryland. As a result she has been able to demonstrate 
that the Paleocene beds appear as a thin wedge below the Aquia 
formation a few miles east of the outcrop and thicken to a maximum 
of about 100 feet within 40 to 50 miles. Beds of Jacksonian age 
likewise appear about 30 miles southeast of the outcrop and thicken 
down dip. On the contrary, the Aquia formation thickens down 
dip to a maximum of about 150 feet within 10 miles of the outcrop 
and then thins to a featheredge within 25 or 30 miles to the south- 
east. This suggests that an island existed in the area of eastern 
Maryland during deposition of the Aquia formation, Similar evi- 
dence indicates that the island persisted during the deposition of 
the Nanjemoy formation. 


| 
} 
! 


3 


80 Reviews 


Physical relations are effectively illustrated in 21 text figures. 
About half of the volume is devoted to the systematic description of 
the Eocene foraminifera of Maryland. 

This fine report convincingly solves a problem in stratigraphic 
relations that has long been the source of controversy, and that 
could hardly have been solved by any other technique. 

CARL 0, DUNBAR 
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